Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



HEAT 



HEAT 



McGraw-Hill Bcx)kCompai5r 

LlGCtrical World TheExig^eering andffiiiing Journal 
EngineGrii^ Ri9cx>id Engineering News 

Railway A^ Gazette American Machinist 

Signal &nginG^er AraericanEt^gneer 

Electric Railway Journal Coal Age 

Metallurgical anl Chemical Engineering Power 



ENGINEERING EDUCATION SERIES 



HEAT 



PREPARED IN THE 

EXTENSION DIVISION OF 
THE UNIVERSITY OF WISCONSIN 



BY 

E. M. SHEALY— . 



ASSISTANT PROFESSOR OW STEAM BNOINEBRINO 
THE UNIVERSITT OV WISCONSIN 



First Edition 



^ 



* 



McGRAW-HILL BOOK COMPANY, Inc. 

239 WEST 39TH STREET, NEW YORK 

6 BOUVERIE STREET, LONDON, E. C. 

191_4 



K 
k" 



. « 



• • • 
• • • 

• * 



•• • %• • 

• ••• 



• -- L > • . 

i 1 I . - » ■ 1 . .■ 

Pi.'BLiG L;['i;A(iy 



copyriqht, 1914, by the 
McGraw-Hill Book Company, Inc. 



THli*MAPLB*PBB88*TOBK*PA 



PREFACE 

A knowledge of the nature and the laws of heat should form 
the basis for the study and thorough understanding of all heat- 
using machinery, such as the steam engine, the gas engine, the 
refrigerating machine, and the air compressor. This text is 
designed to supply the fundamental knowledge necessary for the 
successful study and understanding of this class of machinery. 
This text has also been regarded as a good foundation for advanced 
studies in these classes of machinery, treated as separate, special- 
ized courses of study. 

The first part of the text treats of the fundamental laws relating 
to the nature, generation, transfer, and transformation of heat, 
and presents familiar examples of their practical application in 
all cases. In this part also the expansion and compression of 
gases, and the nature and properties of steam, ammonia, carbon 
dioxide, and sulphur dioxide are taken up. 

In the last part of the text the principles of the steam engine, 
the gas engine, the refrigerating machme, and the air compressor 
are treated, and the relation of the laws of heat to these classes of 
machinery is shown. No attempt is made to present a complete 
treatment of these classes of machinery, but enough is given so 
that one who has had no experience with them may understand 
the relation of the laws of heat to their principles and their 
operation. 

Our experience has shown that this treatment of the subject 
of heat is well adapted to the requirements of engineers antj' 
firemen who have had some experience with heat-using machinery^' 
and understand its operation, but who feel that they do not know 
enough about the laws of heat to allow them to take up advanced 
or si)ecial studies of this class of machinery with profit. More- 
over, this treatment is broad enough to meet the needs of others 
who are interested in any of the applications of heat. 

The author desires to acknowledge the assistance of Mr. E. B. 
Norris, Associate Professor of Mechanical Engineering in the 
Extension Division of The University of Wisconsin, in the prep- 
aration of the text and for valuable suggestions and for pains- 
taking proof-reading and criticism of the manuscript. 

E. M. S. 

Madison, Wis., 

March, 1914. 
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HEAT 

CHAPTER I 

TEMPERATURE AND ITS EFFECTS 

1. Temperature. — ^If we touch a body and it feels hot we are 
accustomed to say that it has a high temperature; likewise, if 
the body feels cold, we are accustomed to say that its temperature 
is low. Thus, the sensations experienced upon touching a sub- 
stance give a general idea of the state of temperature of the sub- 
stance, and the terms hot, warm, tepid, chilly , and cold are used to 
indicate the amount of temperature. These terms, however, give 
only a general idea of the temperature. If the hand is held in 
cold water for a while and is then placed quickly in warm water, 
the warm water will feel much warmer than it actually is. If a 
small quantity of gasoline which has been in a room until it has 
attained room temperature is poured on the hand it seems much 
colder than it actually is. It will be seen from this that the sen- 
sations of hot and cold cannot be depended upon in judging tem- 
perature and it is therefore necessary to adopt some other means 
of measuring this quantity where it is desired to obtain more 
accurate results. 

It should be noted that the temperature does not indicate the 
amount of heat which a substance contains, but indicates only 
the conditions of the heat in the substance. If one vessel con- 
tains a pint of water at a certain temperature and another con- 
tains a quart of water at the same temperature, the quart of water 
has absorbed more heat than the pint has and it, therefore, 
contains more heat, although its temperature is the same as the 
pint of water. 

2. Thermometers. — A thermometer is an instrument for 
measuring temperature. The thermometer which is most com- 
monly used consists of a glass tube with a small imiform bore 
ending in a small bulb at the bottom, the bulb and part of the 
tube being filled with mercury. The tube is marked in equal 
divisions, called degrees, which are numbered so the readings may 
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be referred to by figures. Since mercury expands when heated 
and contracts when cooled, the height at which the mercury 
stands in the tube will indicate its temperature. Therefore, 
when the thermometer is brought into contact with a substance, 
the mercury soon reaches the same temperature as the substance 
and will stand at a height in the tube which indicates this 
temperature. 

In making a thermometer, the bulb and part of the tube are 
filled with mercury, and the tube is then heated to a temperature 
slightly above the highest for which it is to be used. This causes 
the mercury to reach a higher point in the tube. The tube is 
then sealed in a hot flame and allowed to cool, when the mercury 
will sink in the tube leaving a space above which is not filled with 
air. 

3. Thermometer Scales. — In marking thermometer scales 
into degrees two fixed points are first marked, namely, the tem- 
perature of melting ice, and the temperature of boiling water, in 
each case the ice and the boiling water being in the open air. On 
the thermometers which are in common use in the United States, 
the temperature of melting ice is called 32 degrees (32^) and the 
temperature of boiling water is called 212 degrees (212**), the space 
between these two points being divided into 180 equal divisions 
or degrees (180^). This scale of temperatures is called the 
Fahrenheit scale, and is abbreviated Fahr, or simply F. On 
the thermometer which is conmionly used in Europe and for 
physical measurements in America, the temperature of melting 
ice is marked 0^, and the temperature of boiling water is marked 
100**, the space between these two points being divided into 100**. 
This scale of temperatures is called the Centigrade scale and is 
abbreviated Cent, or simply C. On each thermometer scale the 
space above the temperature of boiling water and below the tem- 
perature of melting ice is marked o£f in degrees of the same size as 
those between these points. Where no temperature scale is men- 
tioned, in this work, the Fahrenheit scale is to be used. 

In marking the temperature of melting ice, the thermometer 
is inmiersed in a vessel containing cracked ice, as illustrated in Fig. 
1, and allowed to remain until the mercmy reaches a constant 
height, and this point is then marked. During this process, the 
thermometer should be placed low enough in the ice so the mer- 
cury is but little above the level of the ice. In making any tem- 
perature reading the same precaution should be taken, that is, the 
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stem of the thermometer should Dot project very far out of the 
substance whose temperature is being read. An apparatus for 
marking a thermometer at the temperature of boiling water, and 
by which the thermometer may be immersed in the steam arising 
from the water, is shown in Fig, 2. 

It is often necessary to change temperature readings from one 
scale to the other, and in order to do this the relation between the 
Fahrenheit and the Centigrade d^rees must be known. From 
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Fio. 1. Testing freeiing point 
on thermometer. 




what has been sud above it will be seen that 180 Fahrenheit 
degrees is equal to 100 Centigrade d^rees, or the Cent^ade 
degree is ^ = | of a Fahrenheit d^;ree and the Fahrenheit 
degree is i^ = t of a Centigrade degree. 

Herux to change from Fahrenheit to Centigrade temperaivte first 
find how many Fahrenheit degrees the given temperaiure is above 
or below thefreeeing temperature and then multiply by \. This rule 
may be expressed by a formula, thus 

C = CF-32)| 
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in which C is the temperature on the Centigrade scale and F is the 
temperature on the Fahrenheit scale. 

Examples : 

1. The temperature in a certain room is 70° F.; what would a Centigrade 
thermometer read if placed in the same room? 

Solution : 

C = (F-32)| 
= (70-32)f 

=38X1 = 21.1+** C. 

2. On a certain winter day a Fahrenheit thermometer reads eighteen 
degrees below zero ( — 18° F.); what temperature would a Centigrade ther- 
mometer read? 

Solution : 

C = (F-32)| 
= (-18-32)1 

= -50Xf =-27.7+**C/ 

In order to change from Centigrade to Fahrenheit tempercUureSf 
first mvMiply by f in order to find how many Fahrenheit degrees the 
given temperature is above or below the freezing temperature. Know^ 
ing how far it is from the freezing point, to find howfai it is from 0^ 
F. add 32 because the Fahrenheit zero is 32** below the freezing point. 
This may be expressed as a formula thus, 

/r=|C+32 
Examples : 

1. It is said that water attains its greatest weight per cubic foot at a 
temperature of 4° C. To what Fahrenheit temperature does this correspond? 

Solution : 

F=fC+32 
= 1x4+32 
=7.2+32=39.2** F. 

2. A French author states that the temperature of liquid air is —180** C. 
What is its temperature on the Fahrenheit thermomet^? 

Solution : 

F-3C+32 
F = |X -180+32 
= -324+32= -292° F. 

Fig. 3 shows a Fahrenheit and a Centigrade thermometer placed 
side by side and illustrates the way in which their scales di£fer. 
It will be noticed that their scales read the same at. 40^ below 
zero (-40**). 
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Many people make the mistake of adding or subtracting the 
number 32 when it is desired to find only the change in temperature. 
For example, some specifications for electrical generators state 
that the rise in temperature from no load to full load should not 
exceed 40** C. What rise in temperature 
would this be in Fahrenheit degrees? 
Since each degree on the Centigrade 
scale equals nine-fifths degrees on the 
Fahrenheit scale, 40 degrees on the 
Centigrade scale will equal 



40x| = 72 
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degrees on the Fahrenheit scale. In 
this case the fact that the zero points 
are not the same has no connection with 
the problem, since we are dealing only 
with changes in temperature and not 
with readings from the zero points. 

Mercury freezes at 39° below zero Fah- 
renheit (—39° F.) and consequently 
cannot be used in thermometers which 
are to be used to measure temperatures 
below this point. Temperatures lower 
than this are usually measured with 
thermometers containing alcohol, since 
the freezing point of alcohol is —202° 
F. The alcohol used in thermometers 
is often colored in order to make it more 
easily read. 

Mercury boils at 680° F. and is, there- 
fore, not suitable for use in thermo- 
meters which are used to indicate very high temperatures. 
As the mercury thermometer is ordinarily made, it should 
not be used to indicate temperatures higher than about 500° 
F., but by filling the glass tube above the mercury with an 
inactive gas, such as nitrogen, under high pressure, the boiling 
point of the mercury will be raised and a thermometer 
can be made that may be read up to 900° F. Constructed in this 
way it forms one of the best instruments for determining stack 
temperatures in boiler plants. 

3 



# 



Fig. 3. Comparison of 
thermometer scales. 



« HEAT 

4. Pyrometers. — Pyrximeters are instruments for measwing 
high temperatures. They are used in some cases to measure 
temperatures which might be measured by a mercury thermom- 
eter but where the mercury thermometer is liable to be broken. 
They find their greatest use, however, in measuring temperatures 
which are too high to be recorded on a mercury thermometer. 

If two dissimilar metals are welded together and the joint thus 
made is heated, a current of electricity will be generated, and the 
strength of the current will be proportional to the temperature of 




Fig, 4. Le Chatelier electrical pyrometer. 



the joint. The current generated in this way may be led away by 
wires to a galvanometer and there measured. The galvanometer 
may be marked in degrees and thus made to read the temperature 
directly. One of the best forma of pyrometers is constructed on 
this principle. This is known as the Le Chaielter pyrometer. 
The metals used for the joint, or element, as it is called, are 
platinum and an alloy of platinum and rhodium, both of which 
are capable of withstanding an exceedingly high temperature. 
The element is enclosed in a long porcelain tube to protect it 
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from injury and to render it easier to handle. A Le Chatelier 
pyrometer constructed in this manner is shown in Fig. 4. 

High temperature may be approximately determined by the use 
of clay cones made for this purpose, as shown in Fig. 5. A series 
of cones are made of different compositions of clays and have 
different melting points. The cones are placed at the point 
where the temperature is to be measured, and the one which 
barely melts indicates the temperature. These cones are 
numbered and the melting temperature for each number is fur- 
nished by the manufacturer. 




FiQ. 6. Clay cone pyrometer. 

High temperatures may also be judged approximately by 
color but the results will depend on the keenness of the eye of the 
observer and on the degree of illumination under which the 
observations are made. A piece of steel which would be red hot 
in a darkened room would be black hot in broad daylight. 
The following table from Kent's ''Handbook for Mechanical 
Engineers" gives the colors and their corresponding temperatures. 



Color 



Degrees Fahr. 



Incipient red heat 

Dull red heat 

Incipient cherry-red heat. 

Cherry-red heat 

Clear cherry-red heat 

Deep orange heat 

Clear orange heat 

White heat 

Bright white beat 

DazBling white heat 



977 
1292 
1472 
1652 
1832 
2021 
2192 
2372 
2552 
2732 to 2912 



6. Absolute Temperature. — From the above discussion of 
temperature scales it will be seen that the zero on the Fahrenheit 
scale is 32^ below the freezing temperature of water and on the 
Centigrade scale it is at the freezing temperature of water. 
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Since it is possible to cool substances below the zero points on 
these two scales it is evident that neither of them represents the 
true zero of temperature. The true zero would be at such a point 
that it would be impossible to cool a substance below it. In other 
words, the true zero would represent an entire absence of heat. 
While this point has never been reached in cooling substances, 
experiments indicate that it i3 460° below the zero on the Fahren- 
heit scale. 

The temperature —460° is called the absolute zero and tem- 
perature reckoned from it is called absoluie temperature. On the 
absolute scale of temperatures, the size of the degrees is the same 
as those on the ordinary thermometer, but the number of degrees 
is counted from —460° F. Therefore^ in order to change from 
Fahrenheit temperature to absolute temperature, add 460 to the 
number of Fahrenheit degrees; conversely, to change from absoluie 
temperature to Fahrenheit subtra^U 460 from the number of absoluie 
degrees. 

Examples: 

1. What are the absolute temperatures corresponding to 60° F. and to 
-30* F.? 

Solution: 

60* F. corresponds to 460+60=520* absolute 
-30* F. corresponds to 460 +(-30) =430* absolute. 

2. What are the Fahrenheit temperatures corresponding to 740* absolute 
and to 320* absolute? 

Solution: 

740* absolute corresponds to 740-460=280* F. 
320* absolute corresponds to 320-460= -140* F. 

6. Expansion of Solids. — Nearly all substances expand when 
heated and contract when cooled. The amount of this expansion 
and contraction is greatest with gases and least with solids, but 





Fig. 6. 

even with solids it is great enough to be considered an Important 
factor in nearly all engineering work. The expansion in a sub- 
stance takes place in all directions if free to do so. Thus if the 
steel ball shown in Fig. 6 is made just small enough to pass through 
the ring, it will not do so after being heated. The ball is spherical 
both before heating and after, showing that it has expanded in all 
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directions. Although aubstances expand in all directions when 
heated, the chai^ in length or linear expansion is of most 
importance when considering solids, and is the only expansion 
which is usually considered. 

Examples of provision for linear expansion in solids are very 
common. Steel bridges are often built with one end resting on 




Fig. 7. Bridge aet on roller. 

rollers as shown in Fig. 7, while the other end is fastened rigidly 
to the foundation, thus leaving the bridge free to move as it 
expands or contracts. Provision must be made for expansion in 
long steam-pipe lines, which are cold when erected. One method 
of doing this is by inserting an expansion joint in the pipe line, the 




Fio. 8. Slip expansion joint. 

expansion joint being constructed so that one part can move with 
respect to the other, as shown in Fig. 8. 

Nickel steel containing 36 per cent, of nickel neither expands 
nor contracts upon being heated. This metal is sometimes called 
"invar"andisu3cfulinmakingsteel tapes and other instruments 
in which expansion would affect their accuracy. 
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The amount which a solid expands depends upon the range of 
temperature through which it is heated, the expansion in a par- 
ticular material being constant for each degree rise in tempera- 
ture, but diflFering in diflFerent materials. The part of its orighial 
length which a solid expands when heated one degree is called its 
CoefficierU of Linear Expansion. The coefficients for different 
materials have been determined for our use by careful experiments 
and can be found in handbooks or tables under the head of '* Co- 
efficients of Linear Expansion." A few of the most common are 
given here: 

COEFFICIENTS OF LINEAR EXPANSION 

(Per degree Fahrenheit) 

Aluminum 000012880 

Brass, cast 000010420 

Brass, wire 000010720 

Bronze, (3 copper + 1 tin) 000010270 

Carbon, diamond 000000656 

Carbon, gas carbon 000003000 

Carbon, graphite 000004375 

Cast iron 000005660 

Copper 000009330 

Ebonite 000046800 

German siJver 000010200 

Glass 000004980 

Gold 000008030 

Gutta percha 000110200 

Ice 000028400 

Lead 000016390 

Marble 000006610 

Nickel 000007110 

Paraffin 000072260 

Platinum 000005000 

Porcelain 000002300 

Rock salt 000022470 

Silver 000010700 

Solder (1 lead and 1 tin) 000013950 

Steel (untempered) 000006500 

Tin 000012400 

Wood, pine, parallel to fibers 000003010 

Wood, pine across the fibers 000018960 

Wrought iron 000006480 

Zinc 000016210 

The above values are based on a temperature rise of 1** F. For 
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one Centigrade degree the coefficients would be I of those given 
in the table. 

The increase in length of a body due to expansion may be 
calculated by the following formula 

e=^tCL 
in which 

e =the change in length 
t = the cAange in temperature 
C=the coefficient of linear expansion 
L = the original length of the body. 

The same formula applies to contraction when a body cools. 

It should be remembered that if L, the original length, is in feet, 

Cj the change in length, will 'also be in feet, or if L is in inches, e 

will also be in inches. 

Example : 

A steel steam-pipe line is 300 feet long when it is erected, the tempera- 
ture being 65° F. What will be its length after steam having a temperature 
of 340'' F. is turned into it? 

Solution: 

The length of the pipe line is 300 feet or 300X12 =3600 in. The change 
in temperature is 340**— 65** =275**. The coefficient of expansion of steel 
is, from the table above, .0000065; therefore, the change in length of the 
pipe line will be 

e--iCL 
=275X.0000065X3600 
-6.435 in. = .536 ft. 

Length of pipe after steam is turned into it =300+ '536 =300.536 ft. 

If two straight strips of different metal are placed side by side 
and riveted together as shown in Fig. 9, and the double strip thus 






FiQ. 9. 

made is heated in a gas jet, it will no longer be straight but will 
bend. The reason for this is that diflFerent metals expand differ- 
ent amounts for the same change in temperature. This is 
shown by the table of coefficients of expansion given above where 
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it is shown that different substances have different coefficients or 
rates of expansion. For example, a copper wire 100 ft. long which 
is subjected to a change of temperature of 80** F. will expand or 
contract 

e = 80 X .000009330 X 100 X 12 = .8955 inches, 

and under the same conditions an aluminum wire will expand or 
contract 



6 = 80 X .000012880 X 100 X 12 = 1.258 inches, 
14 per cent. more. 



or about 



The fact that different metals expand different amounts for 
the same change in temperature is made use of in the construc- 
tion of a common form of pyrometer. 
In this pyrometer, which is illustrated 
in Fig. 10, a brass rod is enclosed in an 
iron tube, one end of the brass rod 
being fastened to the corresponding 
end of the iron tube, the other ends 
being independent of each other. A 
dial and case are fastened to the free 
end of the iron tube and a pointer 
connected to the briass rod by a 
mechanism which allows the pointer 
to move over the dial when the rod 
moves with respect to the tube. When 
the pyrometer is subjected to a high 
temperature, as. when placed in a 
chimney through which hot furnace 
gases are passing, the brass rod ex- 
pands more than the iron tube al- 
though both are at the same tem- 
FiG. 10. Iron tube pyrom- perature, and the pointer moves over 

the dial, which is marked in degrees, 
and takes up a position which corresponds to the temperature 
of the rod and tube. 

When these pyrometers are first subjected to a high tempera- 
ture, the pointer will move backward for a time and will then stop 
and move forward. This is because the iron tube is affected by 
the heat first since it is on the outside, and hence it expands faster 
than the brass rod. As soon as the heat penetrates to the 
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inside of the tube and reaches the rod it begins to expand also, 
causing the pointer to reverse its motion. When the tube and 
rod have reached a uniform temperature the pointer will reach 
its proper position on the dial. 

Another application of the .unequal expansion of metals is 
found in the balance wheel of some watches. Temperature 
affects the balance wheel and hair spring of a watch, expanding 
them when the temperature increases and contracting them when 
the temperature decrease. When they are expanded the spiing 
is weakened and the radius of the wheel is increased, which places 
the weights further from the center. Both of these effects cause 
the watch to run slow. These effects may be counteracted by 
bringing the weight of the wheel nearer the 
center as the temperature increases, which 
is done by dividii^ the rim into segments, 
as shown in Fig. 11, and constructing the i 
rim of two metals which have different 
coefficients of expansion, the one havii^ 
the larger coefficient being placed on the 
outside. Brass and steel are used for this 
purpose, the outside of the rim being made 
of brass and the inside of steel. The ends 
of the B^ments are then pulled in by a rise in temperature 
thus changing the position of the weights enough to counteract 
the tendency to run slow. 

7. Stress Due to Expansion. — If the ends of a piece of metal 
are held rigidly so it cannot expand or contract, a change in 
temperature will cause a stress in the metal sufficient to lengthen 
or shorten it the same amount it would have lengthened or 
shortened if free to move. The stress in metal produced by 
preventing expansion or contraction may be calculated by the 
following formula, provided the metal is not stretched to the 
point where it takes a permanent "set": 

P = CtE 
in which 

P = stress in metal in pounds per sq. in. 
C~ coefficient of linear expansion 
( = change in temperature 
£ = coefficient of elasticity of the metal 

The coefficient of elasticity, or, as it is sometimes called, the 
modulus of elasticity, is the load per unit of area divided by the 
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extension per unit of length. The coefficients of elasticity of some 
of the common substances are given in the following table: 

COEFFICIENTS OF ELASTICITY 

Brass, cast 9,170,000 

Brass, wire 14,230,000 

Copper 16,500,000 

Lead 1,000,000 

Tin, cast 4,600,000 

Iron, cast 16,000,000 

Iron, wrought 26,000,000 

Steel 30,000,000 

Wood 2,000,000 

Example : 

A street car track has welded joints in the rails which are laid when the 
temperature is 80° F. What will be the stress in the rails on a winter day 
when the temperature is 10° F. below zero? 

Solution: 

The change in temperature to which the rails are subjected is 80 ~ ( ~ 10) 
b90°. The coefficient of linear expansion of steel is .0000066 and its 
coefficient of elasticity is 30,000,000: 

P^CtE 
=» .0000065 X90 X30,000,000 
« 17560 lb. per sq. in. 

As this is a safe load for steel, there would be no danger of the rails breaking. 

8. Expansion of Liquids. — When a liquid is heated it expands 
and when it is cooled it contracts. This may be proved by a sim- 
ple experiment illustrated in Fig. 12 in which a glass flask is filled 
with water, and is fitted with a stopper through which there is a 
glass tube with a small bore. When the stopper is placed in the 
flask the water will rise to a certain height in the tube. If now 
the flask is heated by a gas jet, the water will rise in the tube, and 
if the flask is cooled the water in the tube will sink. 

Expansion of a liquid by heating causes it to weigh less per 
cubic foot. That is, heating a liquid decreases its density; and 
cooling it increases its density. If a glass tube shaped as shown 
in Fig. 13 is filled with water and a gas jet applied to one branch 
of it, the water will circulate through the tube in the direction 
indicated by the arrows. The reason for this is that the water in 
the branch which is heated becomes less dense, or lighter, which 
causes it to rise and allows the cooler water in the other branch to 
flow in and take its place. It is by this means that heating a 
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liquid causes a circulation in it. An application of this principle 
is found in the hot- water system of heating houses. In this sys- 
tem of heating the pipes, radiators, and boiler are filled with water 




Fig. 12. 




TANK 



PAOtATOR 




FiQ. 14. Hot water heating system. 

as shown in Fig. 14. The heat that is applied to the water in the 
boiler causes it to expand and rise through the flow pipes while an 
equal volume of cooler water flows into the boiler from the returns 



16 



HEAT 



to take the place of the hot water, thus caumng a circulation 
through the entire system. 

The following table giving the we^fat of a cubic foot of water 
at various temperatures shows how the density of water varies 
with the temperature: 



wftter, degrees 
Fahr. 


Weight of a 
cubic foot 


Temperature of 
water, degrees 

Fahr. 


Weight of a 
cubic foot 


32 
39 
60 
70 

90 ' 
100 


62.40 
62.42 
62.41 
62.3 
62.11 
61.99 


120 
140 
160 
180 
200 
210 


61.71 
61.38 
60.99 
60.57 
60.12 
69.88 



From the values in this table, the curve shown in Fig. 15 has 
been plotted to show graphically the variation in the denuty of 
water at di£Ferent temperatures. 
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Knowing the density of water at different temperatures, the 
force or pressure causing circulation may be calculated. As an 
illustration of this, consider the circuit of the hot-water heating 
system shown in Fig. 14, in which the height of the top radiator 
above the boiler is 30 ft. Suppose the temperature of the water in 
the flow side of the circuit is 190° F., and that in the return side is 
160° F. The pressure per square foot at the bottom of a column 
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of water is equal to the height of the column multiplied by the 
weight of one cubic foot of the water in the column, or 

in which 

P = pressure at bottom of column in lb. per sq. ft. 

h = height of column in feet 

w = weight of 1 cu. ft. of the water in the column in poimds. 

In this case the weight of a cubic foot of water at 190** F. is, from 
the curve, 60.35 pounds and the pressure at the base of a column 
of water 30 ft. high and at 190° F. will therefore be 

P=hXw 
= 30X60.35 
= 18.105 lb. per sq.ft. 

The weight of a cubic foot of water at 160° E. is, from the curve, 
60.99 poimds, and the pressure at the base of a column of water 
30 ft. high and at 160° F. is 

P=-hXw 
=30X60.99 
= 18.297 lb. per sq. ft. 

Therefore the difference in pressure between these two columns 
which causes circulation is 

18.297-18.105 = . 192 lb. per sq. ft. 

or 

.192 

-7vj = . 001335 lb. per sq. in. 

Different liquids expand different amoimts for the same change 
in temperature, just as solids do, and the rate of expansion is not 
constant with some liquids. Thus the coefficient of expansion of 
alcohol is .000722 if taken between 32° and 110° F., and it is only 
.000611 if taken between 32° and 50° F. The coefficient of mer- 
cury, however, is constant through a wide range of temperature, 
which makes it particularly suitable for use in a thermometer. 

In a mercury thermometer the expansion of the mercury is 
used to measure the temperature. Since mercury has a constant 
coefficient of expansion, the degrees of temperature will be repre- 
sented by equal lengths on the stem of the thermometer. 

In general, liquids are less dense when warm than when cold, 
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but water behaves somewhat differently, reaching its greatest 
density at a temperature of 39° F. At temperatures either above 
or below 39° F. water is less dense than it is at 39°. A direct and 
important result of this is that ice forms on the surface of water 
instead of at the bottom, and hence helps to prevent rivers and 
lakes from freezing solid. 

The cooling of a body of water takes place at the surface. As 
soon as the surface water is cooled it sinks to the bottom and 
warmer water rises to the surface to take its place, and this action 
continues imtil the entire body of water has reached a tempera- 
ture of 39° F., at which the water reaches its maximum density. 
If the surface water is cooled to a lower temperature it remains 
at the surface since it is lighter than the water at the bottom, which 
is at 39°. Hence, when the temperature of the siuface water 
has fallen to 32° it freezes, and the ice is formed at the surface. 
Moreover, the water expands considerably in freezing, hence the 
ice will float, since it occupies more volume than the water from 
which it was formed. Since the water at the top is coldest and 
the sheet of ice protects that at the bottom, the bottom water will 
never be colder than 39° unless the water is so shallow as to freeze 
solid. The fact that the water at the bottom of a lake or river 
is never colder than 39° F. is of importance in preserving the life 
of fish. ' 

QUESTIONS 

1. The lowest temperature that scieDtists have been able to produce is 
—260® C. What temperature is this on the Fahrenheit thermometer? 
To what absolute temperature does this correspond? 

2. Explain why pouring hot water on the neck of a bottle will loosen a 
glass stopper. 

8. Why do the fever thermometers used by physicians have a long 
cylindrical bulb instead of a spherical one of the same diameter? 

4. Expansion joints such as that illustrated in Fig. 8 are usually placed 
every 150 feet in steam-pipe lines. If the steam carried in the pipe has a 
temperature of 380*^ F., and the pipe is erected when the temperature is 
O'' F., how much traverse or slip should the expansion joint have in order to 
prevent its pulling apart when steam is turned on? 

6. Steel streetcar rails will safely stand a puU of 25,000 lb. per sq. in. 
before taking a permanent ''set." If a track is welded on a day when the 
temperature is 104® F. how cold must the weather be before there is danger 
of the rails being stressed beyond this point? 

6. It is necessary that incandescent electric light globes be sealed air 
tight. Knowing this, explain from an inspection of the Table of Coefficients 
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of Linear Expansion why the wires leading into the globe are made of 
platinum. 

7. In measuring the temperature in the chimney of a power plant, only 
a Centigrade thermometer was available and this registered 271^ C. What 
was the temperature in the chimney Fahrenheit scale? What is the abso- 
lute temperature in the chimney? 

8. Why do automobile owners put alcohol in their radiators in the winter? 

9. A locomotive wheel 60 inches in diameter is to have a steel tire shrunk 
upon it. The shop temperature is 68*^ F. and the tire is to be heated to a 
dull red color (1,292*' F.). To what diameter must the inside of the tire be 
turned in order to have a diameter, when heated, of 60.48 inches? 

10. Why is a mercury thermometer more accurate than an alcohol one? 



WORK AND POWER 

9. Force. — If a weight of one pound is held in the outstretched 
band we fee] something pulling downward on the hand. This 
something which is pulling downward on the hand is called /orce, 
and in thb case it Ib produced by the attraction of the earth upon 
the weight resting in the hand. The force which the earth exerts 
is called the force of gravity. In order to prevent the weight from 
falling it is necessary to exert an equal resisting force in an oppo- 
site direction. If the weight held in the hand is increased to 2 

pounds, the downward pull upon the hand be- 
comes twice as great, and, in all cases, it is 
proportional to the weight. 

Force is produced not only by weights, but 
also when anything exerts a pull or a push 
upon another thing. Thus, if any kind of gas 
under pressure is confined in a cylinder, as 
shown m Fig 16 it will exert a force upon the 
1^ piston m the direction indicated by the arrows, 
and the piston will move unless prevented 
from doing so by some external force, such as 
the weights, W, rcbting on the piston, which 
forms a resisting force. 

It will be seen that, in both of the cases 
mentioned abo\ c, the effect of the force is to 
cause motion or to tend to cause it. We may define force, then, 
as that which causes or tends to cause motion. Motion will occur 
when the force is greater than the resistance, but when the 
force and resistance are equal they balance each other, and no 
motion occurs. 

10. Work. — When the point at which a force is applied is 
moved by the force, work is performed. No work will be done in 
simply overcoming or exertii^ a force, because it requires only a 
force to overcome a force, but if the force is overcome through a 
distance, work is performed. Thus, in the case mentioned above, 

20 




Fig 16 
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in which a weight was held in the hand, no work was done, but 
only a force exerted to prevent the weight from falling. How- 
ever, if the weight is lifted, work is performed upon it, because the 
point of application of the force has been moved in a direction 
opposite to the resisting force. If the weight is lowered, work is 
also performed, but in this case the weight is doing work upon the 
hand, since the weight is moved against the force applied by the 
hand. 

It will be noticed that two things are necessary for work to be 
performed: first, there must be a, force, and second, there must 
be motion. Neither of these things is alone sufficient to produce 
work, but both are necessary. 

The imit by which force is measured is the pound, and the unit 
of measure for distance is the foot. Since work is a combination 
of the two quantities, force and distance, its unit is the footpound. 

When a force or resistance of one pound is applied through a 
distance of one foot, the work performed is one foot-pound. If a 
weight of one pound is lifted through a distance of 4 feet, the 
work performed is 4 foot-pounds, or, if a weight of 4 pounds is 
lifted through a distance of one foot, the work performed is 4 
foot-pounds, and in all cases the work performed is equal to the 
product of the force and the distance through which it is moved, 
or expressed as a formula: 

W=FS 
in which 

W = work done, expressed in f oot'-pounds 
F= force or resistance, expressed in poimds, and 
iS = distance through which the force is overcome, 
expressed in feet 

Bxftinples: 

1. A certain hoisting engine lifts a weight of 1500 pounds through a 
height of 60 feet, how much work is done upon the weight? 

Solution: 

W=FS 

W« 1600X60=90,000 foot-pounds. 

2. How much work is done on the piston of a steam pump during a single 
stroke, if the diameter of the piston is 8 inches, the length of the stroke 10 
inches, and the steam pressure is 90 lb. per sq. in.? 

Solution: 

The area of the piston is 

Area - .7854 <^« = .7854 X8* 

- .7854 X64 « 50.2 sq. in. 
8 
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The total pressure on the piston is 

50.2X90- 4518 pounds. 

The distance through which this force is overcome is 10 inches or tk " 
0.834 feet. 

The work done on the piston during a single stroke will b6 
W^FS 
IF = 4518 X .834 « 3768 foot-pounds. 

11. Power. — Power is the rate of performing work. It 
requires more power to perform a certain amount of work in a 
short time than in a longer time. Thus, if a derrick lifts a stone 
weighing 1000 pounds through a height of 20 feet, and the stone 
is lifted in 2 minutes, a certain power is required; but if the same 
weight is lifted through the same height in 4 minutes, only one- 
half as much power is required, although the same amount of 
work is performed in both cases. 

In discussing work it will be noticed that no mention was made 
of time. When a certain force is applied through a certain dis- 
tance, the work performed will be the same whether it is per- 
formed in a long or short time. The element of time enters into 
calculations relating to power, because power is the rate of per- 
forming work. 

The unit of power used in engineering work is the horse-power, 
abbreviated, H. P., and it is 33,000 foot-pounds of work per- 
formed in one minute; and 33,000 foot-pounds per minute is the 

same as —i^^ — =550 foot-pounds of work performed in one 

second. 

Example : 

How much power is required to pump 8000 pounds of water per minute 
to the top of a 7 story building, a height of 75 feet above the pump? 

Solution : 
The work performed each minute is: 
W=F8 

=8,000X75 =600,000 foot-pounds 

„ 600,000 „ 

Horse-power = gg Lqq =18.18 H. P. 

The sizes of steam, gas, and other engines are designated or 
rated in terms of horse-power. Thus a 200 horse-power engine is 
one which can develop power at the rate of 200 H. P. or perform 
work at the rate of 200X33,000 foot-pounds per minute. 
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13. Work DlagTHin. — Quantity of work may be represented 
by the ares of a figure so drawn that one side represents pressure 
and the other side represents distance. The area of any figure 
may be found by multiplying together its height and its length. 
If the he^ht and length are given in inches, their product will be 
square inches. 



In lilg. 17 suppose the height 
OA of the figure OABC is 2 
inches and its length OC is 4 
inches, then the area of the 
figurei82X4 = 8 square inches. 
If the ^de OA of the above 
figurewefe drawn to represent 
2 pounds instead of 2 inches, 
and, if the side OC were drawn 
to represent 4 feet instead of 
4 inches, then the area would 
represent 2X4 = 8 foot-pounds iostead of S square inches. IVom 
this it will be seen that since work is the product of force and 
distance, any diagram which is drawn with one side representing 
a force or pressure and the other side representing a distance, will 
represent by its area the work done. 
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Fio. 18. Work diagram from steam pump. 

Rg. 18 shows a work diagram for the steam cylinder of a pump. 
The height of this diagram represents the steam pressure actii^ 
upon the piston and the length of the diagram represents the 
length of stroke or the distance through which the force due to 
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the steam pressure moves. Its area, therefore, represents the 
work performed by the steam upon the piston. This diagram 
shows that the steam pressure in the cylinder of the pump remains 
practically constant throughout the stroke. The valve which 
admits steam opens wide at the beginning of the stroke and 
remains open until the end of the stroke, when it closes quickly. 
As soon as the admission valve closes, the exhaust valve opens and 
the steam pressure in the cylinder immediately falls. The 
bottom line of the diagram represents the back pressure of the 
exhaust which acts upon the piston during its return. 

Since the above diagram is approximately a rectangle, its area 
may be calculated by multiplying together its height and its 
length. If it is desired to express this area in foot-pounds of 
work, the scale to which the diagram is drawn, and also the proper 
units, must be considered. Thus, suppose the diagram is drawn 
to such scale that its height (the distance between the admission 
and exhaust lines) represents a steam pressure of 80 lb. per sq. in. 
or 80X144 = 11,520 lb. per sq. ft., and its length represents a 
stroke of 8 in. or ^\ = § ft. Then, if the diameter of the piston is 
6 in. (equals .5 ft.) the area of the piston is 

.7854 d2 = .7854X.52 = .196 sq. ft. 

The total uniform pressure acting upon the piston is 

11,520X.196 = 2258 pounds 

and as this force of 2258 pounds is moved through a distance of 
f ft. during each forward and return stroke, the work performed is 
2258Xf = 1505 ft. lb. This amount of work is performed in one 
end of the cylinder. Should the pump be double-acting, that is, 
taking steam on one side of the piston during one stroke and on the 
other side of the piston during the return stroke, and if an equal 
amount of work is performed on each side of the piston, then the 
total work performed in the cylinder during a forward and return 
stroke would be 2X1505 = 3010 ft. lb. If this pump makes 60 
double (forward and return) strokes in a minute, the work per- 
formed each minute will be: 

3010X50 = 150,500 ft. lb. 
and the horse-power developed will be 

150,500 



33,000 



= 4.56 H. P. 
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13. The Steam Engine. — One of the common sources of power 
is the steam engine, a simple form of which is shown in Fig. 19. 
A steam engine consists of certain stationary parts and certain 
moving parts. The stationary parts are the frame 2 with the 
main bearings 29 and 29, the cylinder 3, and the valve chest 23. 
The moving parts of the engine are the piston 6, the piston rod 
30, the crosshead 8, the connecting rod 10, the cranks 12 and 12, 
the shaft 31, the flywheel 13, the valve 19, the valve rod 18, the 
eccentric rod 16, and the eccentric 14. The object of the crank, 
connecting rod, crosshead and piston rod is to change the back- 
ward and forward or reciprocating motion of the piston into the 
rotary motion of the shaft. The reciprocating motion of the 
piston is transmitted through the piston rod to the crosshead, 
which is forced to move in a straight line by the guides 9 and 9. 
One end of the connecting rod is pivoted to the crosshead, which 
has a reciprocating motion, and the other end is pivoted to the 
crank and has a rotary motion, since the crank can move only 
in a circular path. The object of the eccentric, eccentric rod, 
and valve rod is to change the rotary motion of the shaft into a 
reciprocating motion at the valve and thus cause the valve to 
move backward and forward. 

The end of the cylinder nearest the crank is called the crank 
end, and the end farthest from the crank is called the head end. 
When the piston moves from the head end to the crank end it is 
said to make its forward stroke, and when it moves from the 
crank end to the head end it is said to make its return stroke. 

The operation of the steam engine is as follows: High pressure 
steam is brought to the steam chest by a pipe which enters the 
steam chest at 27 and the steam fills all the space in the valve 
chest around the valve. Consider the piston as being at the head 
end of the cyliader. The eccentric is adjusted at such a position 
that the valve will admit steam to the head end of the cylinder 
through the ports or passages 20 and 21, when the piston is at 
the beginning of its stroke. The pressure of the steam acts upon 
the piston and pushes it toward the crank end, causing the shaft 
and fly-wheel to turn. The valve is adjusted to close the port 
between the steam chest and the head end of the cylinder when 
the piston reaches some point before the end of its stroke. The 
point of the stroke at which the admission of steam to the cylinder 
is stopped is called the point of '* cut-off " or simply " cut-off," and 
the point at which steam is admitted is called the ''point of 
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admission/' or simply "admission." After cut-off, the piston 
continues to move forward on its stroke, the valve remains 
closed, and the steam that has been admitted to the cylinder 
expands and exerts a diminishing pressure upon the piston. 
When the piston has reached the end of its forward stroke, the 
valve has moved to such a position that communication is opened 
between the head end of the cylinder and the exhaust chamber 22. 
This point of the stroke is called the "point of release" or simply 
"release." By the time the piston has reached the position of 
release, the steam has usually expanded until its pressure is 
only a few pounds above the pressure of the atmosphere. As 
soon as the valve opens at release, the expanded steam b^ns to 
flow out of the cylinder and into the atmosphere through the 
exhaust pipe 24, and the pressure in the head end of the cylinder 
immediately falls to that of the atmosphere. 

The movement of the valve to release the steam from the head 
end of the cylinder serves also to open communication between 
the crank end and the steam chest, and allows high pressure steam 
to flow into the crank end of the cylinder. This pushes the piston 
toward the head end and exhausts the steam remaining in that 
end of the cylinder. When the piston has nearly completed its 
forward stroke, the exhaust passage is closed and the remaining 
steam in the head end of the cylinder is compressed, thus serving 
as a cushion to bring the piston to rest at the end of the stroke. 

From the above description it will be seen that the engine 
follows a regular series of operations which require two full strokes 
or a complete revolution of the shaft. In the order in which they 
occur, these operations are admission, expansion, exhaust, and 
compression, and they are marked by the "events" of the stroke 
called admissum, cui-off, releasef and compression. 

Steam engines are usually double acting; that is, the steam 
acts on both sides of the piston. Thus during the forward stroke, 
as described above, admission and expansion are occurring in the 
head end of the cylinder and exhaust and compi'ession are occur- 
ring in the crank end. During the return stroke, exhaust and 
compression are occurring in the head end, and admission and 
expansion in the crank end. Since the valve is moved automat- 
ically and distributes the steam to the ends of the cylinder, these 
events occur regularly and the engine runs constantly as long as 
steam is supplied to the steam chest. 

During the cycle of the steam engine, by which we mean the 
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complete series of events which occur during a forward and return 
stroke, the steam pressure acting upon the piston undergoes 
many changes. If some means were provided for meaauring this 
pressure at every port of the stroke, and if these pressures were 
plotted into a diagram, the diagram would appear as shown in 
Fig. 20. 

During admission, the steam pressure is the same as that in the 
steam chest and is almost constant. As soon as cut^-ofiF occurs, 
the steam which is now confined in the cylinder l>c^ins to expand, 
its pressure decreasing as its volume increases. At the end of the 
stroke the steam in the cyUnder is released and there is a sudden 
drop in pressure. The cylinder is now full of steam at about 
atmospheric pressure. During exhaust, the pressure in the cylin- 




der remains constant and a little above atmosphei 

As soon as compression occurs, the steam which is now confined in 

the cylinder is compressed, causing its pressure to rise. 

When the piston is at the end of each stroke there is a short 
distance between it and the cylinder head. The space between 
the piston and the cylinder head, when the piston is at the end of 
its stroke, and the space in the ports up to the valve, is called the 
clearance space or volume. The length of the stroke never 
equals the length of the cylinder, as a little mechanical clearance is 
necessary between the piston and the cylinder head, and, as the 
volume of the ports is large, the clearance volume will amount to 
from 4 to 15 per cent, of the volume swept through by the piston. 

The diagram shown in Fig. 20 represents a work diagram for the 
steam engine, the area of this diagram representing the amount of 
work that is done in the head end of the cylinder during a com- 
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plete revolution. An instrument for drawing such diagrams is 
called an iTidicator, and the diagrams obtained from it are called 
indicator dif^ams. 

14. Indicators. — A common form of indicator is illustrated 
in Fig. 21. This indicator consists of a small steam cylinder C, 
fitted with a piston B, and a drum D, for holding a sheet of paper, 
both momited on a rigid frame A. The steam cylinder is con- 
nected directly to one end of the engine cylinder by means of a 




Fia. 21, Indicator. 



short pipe, and hence, the same pressure that acts upon the engine 
piston also acts upon the indicator piston. The indicator piston 
and its rod, R, are held down by a spring S. To the piston rod 
R is attached a pencil arm L with a pencil P which bears Against 
the drum. Steam or gas pressure acting upon the piston raises 
it to a height proportional to the pressure ; therefore, the height of 
the pencil point indicates the pressure in the cyhnder of the engine. 
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Several springs are furnished with each indicator, each spring 
being marked with a number which shows the number of poimds 
pressure on the piston that will be required to raise the pencil 
point one inch. Thus, if the spring on the indicator is marked 60, 
each inch of height on the indicator diagram will represent 60 
pounds pressure per square inch. 

The drum D turns about an axis parallel to the steam cylinder. 
Around the bottom of the drum is wrapped a cord which is con- 
nected with the crosshead of the engine and moves with it, 
thus rotating the drum back and forth in unison with the motion 
of the crosshead. Inside the drum is a coil spring which is 
wound up as the cord is pulled out and which unwinds and turns 




Fig. 22. Indicators mounted on engine. 



the drum as the crosshead moves forward. Since the drum moves 
in unison with the engine piston and the pencil point indicates the 
pressure inside the engine cylinder, the two acting together will 
trace a diagram upon the drum which shows the pressure at all 
parts of both strokes of the piston, and, if two indicators are used, 
one attached to the head end of the engine cylinder and the other 
to the crank end, a complete record of the work being done in the 
cylinder will be obtained. 

Since the circumference of the drimi is much less than the 
length of stroke of the engine, it is necessary to reduce the motion 
of the crosshead in transmitting it to the drum. One method of 
mounting indicators on an engine, which also shows a device for 
reducing the motion of the crosshead, is illustrated in Fig. 22. 
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The reduciiig motion confflsts of a large and a small wheel mounted 
on the same shaft and fitted with a coil spring similar to that in the 
drum of the indicator, and serving to turn the wheels when the 
crosahead makes its return stroke. Thus the motion of the drum 
is an exact reproduction of the motion of the crosshead, but on a 
smaller scale. 

IS. Indicator Diagrams. — The paper card used upon the drum 
of an indicator, upon which the work diagram is drawn, is called 
an indicator card, and the diagram itaelf is called the iridicator 
diagram. The form of diagram obtained from one type of steam 
engine is shown in Fig. 20. The atmospheric pressure line is 




drawn by holding the pencil point to the drum before steam is 
turned into the indicator. Since only the pressure of the atmos- 
phere is acting upon the indicator piston, the height of this line 
will represent the pressure of the atmosphere. This line is used as 
a reference line from which to measure other pressures, and also 
to measure the length of the stroke. 

After the atmospheric line is drawn, steam is turned into the 
indicator cylinder and the pencil point is held against the drum 
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while the engine makes one complete revolution. The varying 
pressure in the cylinder will cause a diagram such as that shown in 
Fig. 20, to be drawn. 

Since this diagram is drawn with one dimension representing 
pressure or force, and the other dimension representing distance, 
its area represents the work done in one end of the cylinder during 
one revolution, and from it the power developed by the engine 
may be calculated. 

Indicator diagrams are used not only for calculating the 
power developed by an engine, but also to show whether the 
valves are working properly, since any irregularity in the ope- 
ration of the valves will affect the pressure of the steam in the 
cylinder and hence will be recorded on the indicator diagram. 

16, Mean Effective Pressure. — If the work diagram were a 
rectangle, its area could be found by multiplying together its 
height and its length, but, when the diagram has an irregular 
shape such as that of an indicator diagram, its average height must 
be found and this multiplied by the length. The average height 
of an indicator diagram reduced to pounds per sq. in. is called 
the mean effective pressure, abbreviated M.E.P. 

One method of finding the M.E.P. of an indicator diagram is 
illustrated in Fig. 23. In this method the length of the diagram 
is divided by perpendicular lines into 10 equal parts and the 
height of the diagram is measured at the middle of each of these 
parts. The middle of the parts is chosen in order to secure the 
average height at the ends of the diagram where the pressure 
changes rapidly. By adding the heights of the diagram measured 
at the 10 points thus obtained and dividing the sum by 10, the 
average height is obtained. Multiplying the average height by 
the scale to which the pressures are drawn will give the M.E.P. 

To obtain the centers of the ten spaces previously mentioned 
A convenient method is to take an ordinary scale and place it as 
shown in Fig. 24 so that the diagonal length between the limits of 
the diagram will be exactly 5 inches. Then at the left of the 
scale point off at i inch, and from there on every i inch, toward 
the right of the diagram. The last point will be at 4J inches. 
From these points draw vertical lines through the diagram. 

17, Indicated Horse-power. — The indicated horse-power (ab- 
breviated I.H.P.) is the horse-power calculated from the in- 
dicator diagram. It is therefore the power developed in the 



WORK AND POWER 33 

cylinder of an engine. The indicated horse-power may be 
calculated from the formula: 
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in which 

P=the mean eflfective pressure in lb. per sq. in. 

Z=the length of the stroke in feet 

a = the area of the piston in sq. in. 

n = the number of revolutions per minute. 

Since the mean effective pressure is obtained from a diagram 
taken from one end of the cylinder, the above formula gives the 
I.H.P. for only one end of the cylinder. If the engine is double 
acting, the total horse-power developed in the cylinder is found 
by calculating the I.H.P. for each end of the cylinder and taking 
their sum. In calculating the area of the piston, it should be 
remembered that the steam acts upon the full area of the head 
end, but on the crank end the piston rod reduces the area upon 
which the steam pressure acts. 

Example: 

A 20"X38" engine (20" diameter of piston and 38" length of stroke) 
with a 3i" piston rod makes 90 revolutions per minute. The M.E.P. on 
the head end is 64.3 lb. per sq. in. and on the crank end 66.0 lb. per sq. in. 
What is the indicated horse-power? 

Solution: 

Head end Crank end 

M.E.P. =64.3 lb. M.E.P. =66.0 lb. 

liength of stroke = 38" = }Ht . Length of stroke = 38" = f| f t. 

Area of piston =62.83 sq. in. Area of piston rod =8.3 sq. in. 
R.P.M. = 90 Area of piston =62.83-8.3 = 



54.53 sq. in. 



I.H.P. 



Plar 
33,000 
64.3X38X62.83X90 



R.P.M. 


=90 


I.H.P. 


66X38X54.63X90 
33,000X12 




=31.15 



33,000X12 

=34.95 
Total I.H.P. =34.95+31.15 =66.1 horse-power. 

For approximate calculations the average M.E.P. and area of 
piston may be used in the following formula: 
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I.H.R = 2 



33,000 



QUESTIONS 

11. A pile driver has a weight of 4000 pounds which faUs a distance of 
15 feet and in doing so drives a pile 5 inches. With what force does the 
earth resist the motion of the pile? 

12. Explain in your own words the difference between work and power. 
18. A city of 25,000 people uses an average of 180 gallons of water for 

each person per day of 24 hours. If the water is pumped a height of 65 
feet how many horse-power are required to run the pump? (Note. A 
gallon of water weighs 8} pounds.) 

14. A man weighing 185 pounds nms to the top of a hill 120 feet high in 
5 minutes. Another man weighing 130 pounds walks up the same hill in 
15 minutes and carries a weight of 55 pounds. Which of the two men does 
more work? Which of the men develops more power? 

16. What is meant by M.E.P. and how is it determined? 

16. The steam engine from which the indicator diagram shown in Fig. 
23 was taken is a 20" X30" double acting engine running at 130 r.p.m. The 
spring used in taking the diagram was No. 60. What was the total I.H.P. 
developed by the engine? 

17. Why does the area of an indicator diagram represent work? 

18. Niagara Falls is about 160 feet high. It is estimated that about 
12,000 tons of water pass over the falls each second. How many horse- 
power should this falling water develop? 

19. Name the reciprocating parts of a steam engine. 

20. What are the uses of an indicator? 



CHAPTER III 
HEAT ENERGY 

18. Energy. — Work may be stored in a substance in such man- 
ner that it may be used afterward. For example, if the weight 
A in Fig. 24 is lifted from its original position A' to the position 
Ay the work performed upon the weight in lifting it is stored in 
the weight, and may be used by fastening it to the rope which 
passes over the pulley and then allowing the weight to fall and, 
at the same time, to lift the weight B. By this means, work is 
first stored in the weight A and this stored work is used later in 
lifting the weight B. Work that has been stored in a substance is 
called energy. Energy may also be defined as the ability to do 
work, since work stored up is capable of being used again. Any- 
thing (hat is capable of doing work possesses energy. 

Since energy may be changed into work and work changed into 
energy, these two quantities are usually measured by the same 
unit, the foot-pound. If the weight A in Fig. 24 weighs 1000 
pounds and it is lifted a distance of 10 feet in moving from A' to A, 
then 1000 X10( = 10,000) foot-pounds of work are performed 
upon it, and, in the position A, the weight contains 10,000 foot- 
pounds of energy. 

In the example mentioned above the energy possessed by the 
weight after it is lifted is due to its advantageous position. This 
kind of energy is called potential energy, or the energy of position. 
A moving body is also capable of doing work and therefore it 
possesses energy. For example, when a nail is driven into a 
piece of wood by a hammer, the work of forcing the nail into the 
wood is supplied by the energy of the moving hammer. The 
amount of energy possessed by a moving body depends upon its 
weight and velocity. A heavy body moving at a low velocity 
may contain a large amount of energy and also a light body 
moving at a high velocity may contain a large amount of energy. 
A cannon ball rolling slowly along the ground has been known 
to cut ofif a man's leg. In this case the energy of the cannon ball 
was due to its weight. On the other hand, a bullet fired from 
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a rifle will penetrate several inches of wood. Although the 
we^ht of the bullet is small it contains considerable enei^y due 
to its high velocity. Energy which is due to the motion of a 
body is called kinelie energy. 

The examples of energy mentioned above are due to the 
mechanical motion or condition of the body and enei^y which 
comes from this source is called mechanical energy. There are 
other kinds of energy due to the condition of a substance. A 
substance charged with electricity possesses electrical energy, a 
chemical compound possesses chemical energy, and a substance 
containing heat possesses thermal energy. In this course we are 
particularly interested in thermal energy, 

19. Heat. — It is supposed that all 
substances are composed of a lai^e 
number of very small particles called 
moleades, which are too small to be 
seen, even with the aid of a micro- 
scope. There is a certain force of 
attraction between the molecules 
which causes them to cling together 
and thiM causes the soUd to retain 
its shape. Each molecule is in con- 
tinual motion, vibrating through a 
very small distance and striking 
against othw molecules in its path, 
then rebounding and again striking 
other molecules. The vibration of 
the molecules is caused by heat. 
The more heat there is in the body, 
the faster the molecules vibrate. If 
a solid substance is heated, the 
molecules composing it vibrate faster 
and therefore strike more blows in 
a given time, thus raising the tem- 
' perature of the substance by the 
impact of the molecules against each 
other. This method of increasing 
the temperature of a substance may be illustrated by the 
following ample experiment. Place an ordinary nail on an 
anvil and strike the nail rapidly with a hammer. It will be 
observed that the nail becomes quite hot. In the same way. 




Fig. 24. 
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the blows of molecules upon each other, when a substance is 
heated, cause the temperature of the substance to increase. 
If the heating is continued, the molecules vibrate faster and 
faster, until the force of the blows creates an internal pressure 
which is sufficient to overcome the attraction of one molecule 
for another, and the solid changes into a liquid. ' 

From the above explanation it will be seen that heat is a 
form of energy. Heat, or thermal energy, is a form of kinetic 
energy, since it is the energy of vibrating molecules. 

It is important to remember that temperature is not heat, but 
is only one of the effects of heat, and also that heat is not tem- 
perature. The more heat that is added to a substance (pro- 
vided its condition is not changed, as from a solid to a liquid), 
the faster its molecules will vibrate and the higher its tempera- 
ture will rise. Conversely, the more heat that is taken from a 
substance, the slower its molecules will vibrate and the lower 
its temperature will fall. If we could cool a substance to the 
absolute zero of temperature, it would contain no heat and the 
vibration of the molecules would stop. 

While people are accustomed to use the term cold in the same 
way that the term hed is used, it will be understood from the 
above discussion that cold is merely an absence of heat, although 
in some cases it is convenient to use the word cold as though it 
meant something distinct from heat. Thus, in connection with 
refrigeration, we speak of the "production of cold," meaning 
the removal of heat or the production of low temperature. 

20. Changes of Energy. — While there are different forms or 
kinds of energy, any one kind may be changed into any other 
kind. Examples of one kind of energy being changed into 
another are seen every day, although we do not think of them as 
being changes of energy. A swinging pendulum, as shown in 
Fig. 25, represents a change of potential energy into kinetic 
energy and kinetic energy back again into potential energy. At 
the end of its swing, when the weight is in the position A, it 
contains potential energy due to having been raised from the 
level B to the level A. At the middle of its swing, when the 
weight has reached its lowest point, all of the potential energy 
has been changed into kinetic energy. In swinging from the 
position B to the position C, the kinetic energy is changed again 
into potential energy. 

A shaft turning in a bearing will become hot unless supplied 
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with oil to reduce the friction. In this case a part of the me- 
chanical energy of the turning shaft is changed into heat energy. 

An electric generator receives mechanical energy from a steam 
engine or water wheel and changes it into electrical energy. The 
electrical energy may then be carried on wires to lamps where it 
is changed into heat energy which increases the temperature of 
the filament until it is incandescent^ or gives off light. Electrical 
energy may be changed into mechanical energy by means of an 
electric motor. 

Heat energy may be changed into electrical energy by means of 
a joint made of two dissimilar metals. A device of this kind is 
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Fig. 25. Pendulum. 

shown in Fig. 4, which illustrates a Le Chatelier pyrometer. 
Heating the "element" in this pyrometer causes a current of 
electricity to flow through the wires connected to it. The heat 
from the sun is constantly being changed into mechanical energy 
by evaporating water from the surface of the earth and by 
causing the water to fall in the form of rain which supplies the 
rivers and waterfalls. The heat of the sun also causes the winds, 
which possess mechanical energy. 
The steam engine, steam turbine, and gas engine are all 
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devices for cbangii^ heat energy into mechanical energy. In 
the case of a steam engine, the heat from the fire under the 
boiler passes into water contained in the boiler and causes the 
water to change into steam, the pressure of which moves the 
engine piston. The pressure of the steam is due to the heat 
which it contains. If the steam contains a large quantity of 
heat, its pressure will be high and it will be capable of performing 
a large amount of work, but if the steam contains a smaller 
quantity of heat its pressure will be lower and it will be capable 
of performing a smaller amount of work. When the steam 
performs work in the cylinder of an engine some of its heat energy 
disappears and the exhast steam leaving the cylinder contains 
less heat than when it entered the cylinder. 

In a gas engine there are two transformations of energy. 
First, the gas or gasoline is exploded or burned in the cylinder 
and its chemical energy thereby changed into heat energy. 
This increases the temperature and therefore the pressure of the 
gases in the cyhnder. Second, these gases then move the 
piston, and in doing so their temperature falls, because some of 
their heat energy is changed into the mechanical energy of the 
moving piston. At the end of the piston stroke the gases in the 
cylinder are cooler than at the beginning of the stroke, showing 
that some of their heat energy has disappeared. 

21. ConBervation of Energy. — Although any kind of energy 
may be changed into any other kind, and these changes may occur 
any number of times, no energy is ever destroyed or created dur- 
ing the process. This gives rise to the theory of the conservation 
of energy, which is, that the total avunint of energy in the Universe 
is constant, and thai energy cannot be created or destroyed. 

It sometimes appears that some of the energy put into a 
machine ia destroyed, but a close examination will show that the 
total amount of energy obtained from the machine is the same as 
that put into it. Thus the amount of energy obtained from the 
fly-wheel of a steam engine is considerably less than the amount 
supplied to the cylinder. Some of the energy is wasted in the 
exhaust, some ia wasted in friction of the moving parts, and some 
is wasted in radiation of heat from the engine. The sum of these 
amounts of energy, together with that delivered, will equal in 
amount that which was delivered to the cylinder. While large 
amounts of energy may be wasted or dissipated, none is destroyed. 

ffaste of energy" ia very common, but this does not mean de- 
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struction of energy. When we speak of "unavoidable waste" of 
energy, we refer to that energy which has been changed into some 
other form which, for our purpose, is useless. Energy may be 
changed from one form into another, and it tends constantly 
to become less and less available, but so far as is known it has 
never been created or destroyed. 

22. Perpetual Motion. — A perpetual motion machine means 
either one of two things: first, that a machine, once started, can 
continue to run forever without the addition of energy; or, 
second, that a machine can give out more energy than is put into 
it. Every machine dissipates energy in the form of heat due to 
the friction of its parts. Hence a perpetual motion machine 
demands a creation of energy. The law of conservation of energy, 
which is well established, states that energy cannot be created. 
It must be concluded, therefore, that a perpetual motion machine 
cannot be made. 

23. Unit of Heat. — Since energy is invisible, it. cannot be 
measured directly but must be measured by its effects. Heat, 
being a form of energy, is measured by its effect in raising the 
temperature of water. The name of the unit of quantity of 
heat is the British Thermal Unit (abbreviated B.T.U.), and it 
is defined as the amount of heat which will raise one pound 
of pure water from 62*^ F. to 63° P. In defining the unit of heat 
it is necessary to specify the temperature of the water because 
the amount of heat necessary to raise the temperature of one 
pound of water through one degree varies sUghtly at different 
temperatures. This variation is so slight, however, that for 
most practical problems the B.T.U. may be taken as the quantity 
of heat required to raise the temperature of one pound of water 
one d^ree, without reference to any particular temperature. 

Examples: 

1. How much heat is required to raise the temperature of one pound of 
water from 32° F., its freezing temperature, to 212** F., its boiling tempera- 
ture? 

Solution: 

Change in temperature of water equals 212** —32** = 180**. Heat required 
equab 180*» X 1 lb. = 180 B.T.U. 

2. What quantity of heat is required to raise the temperature of 1 gallon 
of water (8.34 lbs.) from 60** to 200** F.? 

Solution: 

Change in temperature equals 200** -60** « 140**. Heat required «= 140 X 
8.34-1167.6 B.T.U. 
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24. Mechanical Equivalent of Heat.— It has been shown that 
heat is a form of energy; therefore it may be changed into work. 
Work may also be changed into heat. In either case there is 
a definite relation between the amount of work that may be 
obtained and the amomit of heat expended or between the 
amount of heat obtained and the work expended. Experiment 
shows that one British Thermal Unit is equivalent to 778 foot- 
pounds of work. That is, 778 foot-pounds of work may be ob- 
tained from one B.T.U. The quantity 778 is called the me- 
chanical equivalent of one heat unit. This number is useful in 
changing foot-pounds of work into heat units or heat units 
into foot-pounds of work. In order to change a number of heat 
UftUts into foot-pounds, the number of heat units should be 
multiplied by 778. In order to change a number of foot-pounds 
into heat units, divide the number of foot-pounds by 778. 

Examples: 

1. One pound of a certain kind of coal has a beating value of 12,500 B.T.U. 
How many foot-poimds of energy does this represent? 

Solution : 

12,500X778=9,725,000 ft.-lb. 

2. How many heat units are equivalent to one horse-power acting for 
one hour? 

Solution: 

3. One horse-power =33,000 foot-pounds per minute. One horse-power 
acting for one hour = 33,000X60 = 1,980,000 foot-pounds. 1,980,000 ft.- 

,b«.,L?^=2645B.T.U. 

In finding a relation between British thermal units and horse- 
power, it should be remembered that the heat unit is a unit of 
energy or work and is expressed in foot-pounds, while the horse- 
power is a unit of power and is expressed in foot-pounds per unit 
of time; therefore, in order to change from one to the other, 
the horse-power must be multiplied by the time or the B.T.U. 
divided by the time. 

26. Brake Horse-power. — ^The power delivered at the fly-wheel 
of an engine is called the brake horse-power (abbreviated B,HJ*.) 
and it represents, therefore, the net power delivered by the 
engine exclusive of the power wasted in overcoming the fric- 
tion of its moving parts. The brake horse-power is always less 
than the indicated horse-power, the difference between these 
two quantities being the power required to overcome the 
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friction of the engine. The difference between the indicated 
horse-power and the brake horse-power is sometimes called the 
friction horse-power, 

26. Measuring Brake Horse-power. — ^Brake horse-power is 
usually measured by means of some device which acts as a brake 
on the fly-wheel and changes the work of the engine into fric- 
tion. There are various forms of friction brakes for this purpose, 
one of the most common of which is the Prony brake, shown in 
Fig. 26. This form of brake consists of a number of wooden 
blocks attached to a strap, B, and bearing against the rim of 
the fly-wheel. The strap is connected to a beam, C, in such 
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Fig. 26. Prony brake. 

manner that by turm'ng the hand wheel, D, the blocks are made 
to press more tightly against the fly-wheel and thus develop 
more friction. The end of the beam, C, rests on the standard, E, 
which is placed on a platform scales. When the fly-wheel turns 
in the direction shown by the arrow, the brake is prevented from 
turning and the force to overcome the friction between the brake 
and the fly-wheel is weighed on the scales. The weight indicated 
by the scales includes the above force and also the weight of 
the standard, E, and the unbalanced weight of the beam, C 
Therefore the force of the friction is equal to the total weight 
indicated by the scales minus the weight of the standard, E, and 
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the unbalanced weight of the beam, C, which may be measured 

by restJng the end of the beam on the scales while the brake ia 

supported by a rope at the point along the hne FG. 

Calling the force exerted by the friction upon the scales W, 

the distance from the center of the fly-wheel to the point of 

supp<Mii of the beam L, and the number of revolutions of the 

fly-wheel per minute N, the brake horse-power may be calculated 

by tbe formula: 

2rWLN 
D.a..r.- 33QJJJJ 




FiQ. 27. Rope brake. 

In which TTsforce of friction as measured by the scales, in 
pounds 
L^i distance in feet from center of fly-wheel to point 

of support of the beam 
W = number of revolutions per minute 
Bsunpl*: 

Wbftt is the brake horee-power of a steam eogine ruiminK at 210 R.P.M. 
when fitted with a Prony brake which measuree 8 feet from the center of 
the fly-wheel to the pomt of support at the end of the arm, the scale reading 
742 pounds, the unbalanced weight of the brake arm being 13 pounds, and 
the wei^l ol the standard being 10 pounds? 
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Solution: 

2.WLN 
D.n.r. - 33 QQQ 

TF =742 -13 -10 =719 pounds 

Ar=210R.P.M. 

L=8ft. 

B.H.P. = oo iyxTk =230 B.H.P. 

In order to load an engine with a brake, the band is tightened 
until the engine barely maintains full speed and the band is then 
kept just tight enough to maintain a constant speed. 

Since the work done by an engine loaded with a brake is 
turned into heat at the fly-wheel, some arrangement must be 
provided for cooling the fly-wheel to prevent its being over- 
heated. This is usually done by providmg a special wheel on 
which the brake is placed, this wheel having fins at the edge of 
the rim, projecting inward and forming a trough into which a 
small stream of water is run. The water is run into the trough 
by a pipe at one point and scooped up at another point by a 
second pipe. 

Another form of brake for measuring power is shown in 
Fig. 27. This form of brake is called a rope brake, because the 
friction which furnishes the load is produced by a rope wound 
around the fly-wheel. In this brake the ends of the rope are 
attached to the top cross piece C of a wooden frame which rests 
on a platform scales. The rope is looped around the fly-wheel 
and the middle attached to a screw which passes through the 
bottom cross piece, C This screw passes through a hand 
wheel, which is used to tighten the rope and thus regulate the 
load on the engine. Instead of a hand wheel, a large nut may be 
used for this purpose. 

The brake horse-power, as measured with this form of brake, 
may be calculated from the following formula: 

2tRWN 
D.n.r. 33000 

in which R = radius of brake or distance from center of wheel to 

center of rope, in feet 
Tr=load on scales in pounds = weight indicated by scales 

minus weight of wooden frame 
JV = number |of revolutions per minute 

27. Specific Heat. — ^The specific heat of a substance is the 
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number of B.T.U. required to raise the temperature of one 
pound of the substance through one degree Fahrenheit. Ex- 
periment shows that when equal weights of various substances 
are heated through the same range of temperature they absorb 
different amounts of heat, which shows that the specific heat of 
different substances is not the same. This fact may be proved 
by the following simple experiment. Provide two glass 
vessels containing equal amounts of water at the same tempera- 
ture. Then take one pound each of copper and of iron and heat 
them to the same temperature. Put the copper in one of the 
vessels of water and the iron in the other. It will be found that 
the water into which the iron is put will reach a higher tem- 
perature than that into which the copper has been put, showing 
that the pound of iron contains more heat for an equal teni- 
perature than the pound of copper, or, in other words, the 
specific heat of the iron is higher than that of the copper. 

From the definitions of specific heat and of a heat unit, it will 
be seen that the specific heat of water is one (1). The specific 
heat of practically all other substances is less than that of water^ 
showing that water has a greater capacity for absorbing heat than 
almost any other substance. The following table gives the 
specific heats of some of the more common solids and liquids. 

SPECIFIC HEATS OF SOLIDS AND LIQUIDS 



Solid Specific heat 


Liquid Specific heat 


Aluminium 


.2i58 

.0489 

.08831 

.1189 

.2410 

.0951 

.1988 

.0316 

.504 

.0305 

.1128 

.6939 

.0323 

.1829 

.0559 

.1165 

.1175 

.137 

.0518 

.1152 

.0931 


Water 


1.000 


Antimony 


Alcohol (grain) 

Alcohol (wood) 

Benzine 


.6480 


Brass 


.6010 


Cast iron 


.4500 


Charcoal 


Bismuth (melted) 

Ether 


.0308 


CoDDer 


.529 


^'*'fx'^-^ 

CAwm 


Fusel oil 


.564 


Gold 


Glycerine 


.576 


Ice 


Lead (melted) 

Mercury 


.0356 


Lead 


.0333 


Nickel 


Petroleum 


.511 


Paraffine 


Sulphur (melted) .... 

Sulphuric acid 

Tin (melted) 


.2350 


Platinum 


.3350 


Phosphorus 


.0599 


SUver 


Turpentine 


.441 


Steel (soft) 






Steel (hard) 






Sulohur 




« 


Tin 






Wrouffht iron 






Zinc ^ . 
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The above table would indicate that the specific heat of the 
substance given is constant. This, however, is not the case, 
the specific heat varying slightly at different temperatures. The 
values given in the table are for the ordinary temperatures dealt 
with in engineering work. 

The number of B.T,U. absorbed by a substance in- raising its 
temperature, or given up in lowering its temperature through any 
number of degrees may be calculated by multiplying together the 
weight of the substance, its specific heat, and the range of temperature 
through which it is heated or cooled. Expressed as a formula: 

H=^Ws (t2-ti) 
In which H = number of heat units absorbed or given up 
W = weight of the substance in pounds 
s = specific heat of the substance 
<2 = higher temperature 
ti = lower temperature 
The above rule does not apply when the substance changes 
its state, as from a solid to a liquid, or from a liquid to a solid. 

Example : 

How many heat units are required to raise the temperature of a cast iron 
boiler weighing 1800 pounds from a temperature of 60° F. to a temperature 
of 320** F.? 

Solution: 

Weight to be heated = 1800 pounds 
Range of temperature = 320** -60** =260** 
Specific heat of cast iron = .1189 
H = 1800X. 1189X260 
=55,645 B.T.U. 

In order to calculate the weight of a substance which can be 
heated or cooled through a given range of temperature by a 
certain amount of heat, the following formula may be used: 

^ 8 {t2-t0 

in which the letters have the same meaning as before. In this 
formula the quantity s {ta—ti) represents the number of B.T.U. 
absorbed in raising the temperature of one pound of a sub- 
stance from ti to <2 degrees, or the number of B.T.U. given up by 
one pound of a substance in cooling from ^2 to ti degrees. This 
quantity divided into the total amount of heat, H, absorbed 
or given up, gives the weight, W, of the substance heated or 
cooled. 
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Example : 

How many pounds of copper may be heated from 40° F. to 120** F. by 
30 B.T.U.? 

Solution: 

Amount of heat absorbed by the copper =30 B.T.U. 

Specific heat of copper = .0951 

Range of temperature =» 120** -40** =80** 

^=.0951 X 80 =7:608-=^-^^^ ^^^^ 

28. Resulting Temperature of Mixtures. — If a mixture is 
made of two substances having different temperatiu*es, both 
substances will assume the same temperature, which will be in- 
termediate between the original temperatures of the substances. 
The following formula may be used for calculating the final 
temperature of a mixture of two substances: 

WSh + W8ti 
WS+W8 

in which r= final temperatm*e of the mixture 

fj=temperature of hotter substance 

fi=temperatm*e of cooler substance 
Tr = weight of hotter substance 
10= weight of cooler substance 

5 = specific heat of hotter substance 

8 = specific heat of cooler substance 

In the above formula the quantity WSt2 is the amount of heat 
above zero which one of the substances contains, and wst is the 
amount of heat above zero which the other substance contains. 
The sum of these two quantities, or WSti+wstiy is the total 
amount of heat in the mixture of the two substances. The 
quantity WS+ws is the heat capacity of the mixture for each 
degree of temperature. Therefore, dividing WStt+wati by 
WS+W8 gives the final temperatiire resulting from the mixture 
of the two substances. 

Example: 

If 2000 pounds of water having a temperature of 200** F. are poured into a 
cast iron vessel weighing 3000 pounds and having a temperature of 50** F., 
what will be the final temperature of the water? Neglect loss of heat by 
radiation. 
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Solution: 

Weight of water =2000 lbs. 
Temperature of water =200** F. 
Specific heat of water = 1 
Weight of cast iron =3000 
Temperature of cast iron =50® F. 
Specific heat of cast iron = .1189 

WS-\-WB 

(2000 X 1 X 200) + (3000 X .1189 X 50) 



(2000X1)+ (3000X.1189) 

400,000+17,835 417,835 ^.,^^,- 
2000+357 "" 2357 ^"'^ ^' 

QUESTIONS 

21. Explain in your own words the difference between power and energy. 

22. What is the difference between potential and kinetic energy? 

23. What is heat ? What is the difference between heat and temperature ? 

24. Do you think it is possible to invent a perpetual motion machine? 
Give the reasons for your answer. 

26. Name all of the changes of energy that occur in a steam power plant 
generating electricity. 

26. A Prony brake on the fly-wheel of a steam engine which is running 
at 130 R.P.M. measures 10 feet from center of fly-wheel to point of support 
at the end of the arm. The scales read 860 lbs. and the standard weighs 
8 lbs. The unbalanced weight of the brake is 12 lbs. What is the brake 
horse-power of the engine? 

27. If the friction horse-power of the engine mentioned in the preceding 
question is 24.4, how many I.H.P. does the engine develop? 

28. The Prony brake mentioned in Question 26 is supplied with water hav- 
ing a temperature of 60® F. and the water leaves the fly-wheel at a tempera- 
ture of 82® C. How many gallons of water must be supplied to the fly- 
wheel to keep its temperature constant? 

29. A pumping engine does 68 millions foot-pounds of work by burning 
112 lbs. of coal. How many pounds of coal does it consume per horse- 
power per hour? 

30. A hard steel plate weighing 200 lbs. is to be tempered by placing it 
in a vessel containing 30 gallons of water which has a temperature of 15® C. 
The temperature of the steel plate is 226® C. What will be the temperature 
of the water in Fahrenheit degrees after the steel plate has been immersed 
in it? 



CHAPTER IV 
TRANSFERRING AND MEASURING HEAT 

29. Conduction. — Whien any substance is heated there is 
always a tendency for the heat to spread throughout the sub- 
stance and in this way to cause all parts of it to reach the same 
temperature. This indicates that heat may flow or be trans- 
ferred from one point to another, and such is, indeed, the case. 
Heat may be transferred from one point to another in three 
ways: by conduction, by convection, or by radiation. Only one 
of these agencies may be acting at one time to transfer heat, but 
usually two or all three of them are acting at the same time. 

If one end of an iron rod is held in a fire the other end will 
soon become hot. The process by which heat travels from one 
end of the rod to the other is called conduction. Conduction 
is a method of transferring heat by which one molecule of a 
substance becomes heated and passes on a part of its heat to 
the next molecule, which comes in contact with it, and which 
has a lower temperature. The reason that conduction takes 
place is because there is always a tendency for heat to become 
d^raded or lowered in temperature, which represents the 
intensity of the heat, or for it to flow from a point of high tem- 
perature to a point of low temperature. In the case of the rod 
mentioned above, that part of the rod which is in the fire assumes 
a high temperature; the adjacent part of the rod has a lower 
temperature, hence the heat passes from the hot end toward the 
cold end. 

It must not be inferred that the tendency of heat to pass 
through the body of a substance is the same in all substances. 
In general, the metals are better conductors of heat than other 
substances. It is a well-known fact that a lighted match may 
be held between the fingers for 30 or 40 seconds, but, if a copper 
rod of the same size as the match is held with one end in a 
match flame, the other end becomes so hot in a few seconds that 
it cannot be held, showing that copper is a much better con- 
ductor of heat than wood. It is a peculiar fact that those 
49 
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substances which are good conductors of heat are also good 
conductors of electricity. 

Even the metals themselves differ in their ability to conduct 
heat, as may be shown by the following experiment. A copper 
and an iron wire of equal length are twisted together as shown 
in Fig. 28 and a nimiber of steel bicycle balls are attached to the 
wires at equal intervals by means of wax. A flame is applied 
to the ends of the wires that are twisted together, thus heating 
both wires to the same temperature. As the wires become 




Fig. 28. 

heated the wax will melt, allowing the bicycle balls to drop, 
those nearest the flame dropping first. It will be noticed that 
the balls attached to the copper wire drop before those attached 
to the iron wire, showing that copper is a better conductor of 
heat than iron. 

The following table shows the relative conductivity of various 
substances, that of silver being taken as 100: 

TABLE OF RELATIVE HEAT CONDUCTIVITIES 

SUver 100 

Copper 74 

Gold 63 

Brass 27 

Tin 16 

Iron 12 

Lead 8.6 

German silver 6.3 

Mercury 1 .35 

Ice 21 

Glass 046 

Hard rubber 024 
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The actual amount of heat transferred through a substance 
depends not only on the kind of material but also on the length 
of the path through which the heat travels, upon the cross- 
sectional area of the material, and upon the difference in tem- 
peratiu-e at the two ends. In these respects the flow of heat 
through the body of a substance resembles the flow of water 
through a pipe, the difference in temperatm*e acting toward the 
flow of heat as a difference in level does to the flow of water. 

The sense of touch cannot be relied upon to determine relative 
conductivities any more than it can be relied upon to determine 
temperatures because the effect of different substances upon the 
sense of touch is not always the same. It is a common observa- 
tion that on a cold day a piece of iron feels much colder than a 
piece of wood, even though both have the same temperature. 
On the other hand, if a piece of iron and a piece of wood have 
been standing in the sun on a hot day, the wood may be handled 
without discomfort, but the iron will feel hot. The explanation 
of these facts is that on a cold day the iron removes heat from 
the hand much faster than wood because it is a better con- 
ductor of heat, and the removal of heat from the hand produces 
a sensation of cold. On a hot day the iron gives up heat to the 
hand faster than does the wood, for the same reason, and the 
rapid supply of heat to the hand produces a sensation of warmth. 

A good illustration of the principle of conduction of heat is to 
be found in the construction of the Davey miner's lamp, which 
is used in mines where an open flame would ignite explosive 
gases. In this lamp the flame is enclosed in a wire netting, 
usually made of fine copper wire. The network of small wires 
conducts the heat away from the flame so fast that the flame will 
not pass through it, unless ignited on the other side. If a piece 
of wire netting is placed over a gas jet as in Fig. 29, and the gas 
is ignited on top of the netting, the flame will not pass through 
the netting to the under side. Also if the gas is ignited below the 
wire netting, the flame will not pass through the netting to the 
upper side. 

The conductivity of liquids is much less than that of solids, 
and the conductivity of gases is even less than that of liquids. 
Thus the conductivity of pure water is only about raVcr of that 
of silver, while the conductivity of still air is only about it of 
that of water, or gotoo that of silver. 

The low conductivity of liquids is illustrated in Fig. 30, in 
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which a tube nearly full of water is held in the hand while a gas 
flame is applied near the surface of the water. Although the 
water in the top of the tube boils, the bottom, which is held in 




Fia. 29. 

the hand, does not become hot enough to be uncomfortable to 
the hand, thus showing that very little heat passes through the 
water. 

The low conductivity of still air makes it a good insulating 
material for cold-storage rooms, ki constructing cold-storage 




Fia. 30. 



rooms the walls are sometimes made double, with a space be- 
tween. This space is then filled with mill shavings. The 
shavings themselves have but little conductivity. The principal 
inaulatioQ however, is secured by the large number of small m 
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spaces between the shavings. These small spaces contain still 
air, which is one of the best insulators of heat known. 

30. Convection. — Both liquids and gases have another means 
of transferring heat called convection^ by means of which these 
substances may transfer heat more readily than by conduction. 
Under favorable conditions liquids may transfer heat even 
faster by convection than some solids can transfer it through 
the same distance by conduction. Convection is the process 
of transferring heat by a motion or circulation taking place 
within the body of the liquid or gas. Fig. 31 illustrates how this 
is done. If a gas flame be applied to the bottom and near the 
edge of a vessel partly filled with water, the water will be ob- 
served to move in the direction indicated by 
the arrows in Fig. 31, flowing upward over 
the point at which the gas flame is applied 
and flowing downward on the opposite side. 

The explanation of the action taking place 
within the water is as follows: Heat from 
the gas flame passes through the bottom 
of the vessel by conduction, and increases 
the temperature of the particles of water 
which are nearest the flame. The water, 
which is thus heated, is rendered less dense 
or lighter, and rises to the top, while the' 
colder and therefore heavier water comes in 
from the sides to take its place. 

Heat cannot be transferred in solids by convection but only 
in liquids and gases. Convection plays a very important part, 
however, in heating these substances. It is often stated that 
dry air is one of the best insulators of heat, but this is true only 
when the air is prevented from moving, as by dividing the air 
space into small sections. If the air is allowed to circulate in 
an air space between two walls, heat may be carried readily 
from one of its walls to the other and thus prevent the air space 
from being a good insulator. 

Air does not transfer heat by convection as readily as does 
water, for two reasons: first, the specific heat of water is greater 
than that of air, hence water will carry more heat per pound than 
air, and second, heat that is transferred by convection must first 
pass through some substance by conduction, usually a plate of 




Fig. 31. 
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metal, and aii does not absorb heat from a Burface as readily 
ae water does. 

A common example of tranBfening heat by convection in a 
liquid is to be found in the hot water system of heating houses. 
In this system of heating, which is illustrated in Fig. 14, water 
is heated in a hot water heater placed in the basement and rises 
through pipes to the radiators located in the rooms above, where 
it loses a portion of its heat. Then, being cooler, it flows down- 
ward throi^h other pipes to the heater. 




Fia 32 Circulation of water in a water-tube boiler. 



In steam boiler practice, convection is very important because 
the ability of the boiler to generate steam rapidly depends largely 
upon the convection currents in the water contained in the boiler. 
A very high temperature is maintained in the furnace of a steam 
boiler and heat is liberated from the fuel rapidly. This heat is 
carried over the plates and tubes of the boiler by hot gases 
from the furnace. These gases heat the plates and tubes to a 
high temperature. The heat then passes by conduction through 
the plates and tubes and enters the water in the boUer. By 
arranging the boiler in such a way that the water can sweep in a 
strong current over the surfaces of the plates and tubes, heat m^ 
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be transferred from the furnace to the water at an extremely 
rapid rate. If the convection currents in the boiler, or, as they 
are more commonly called, the circulation, is sluggish, the water 
will not be able to absorb the heat nearly as fast as it is delivered 
by the furnace, hence, there would be danger of the plates and 
tubes becoming overheated and burned. The arrangement of 
a steam boiler in order to promote circulation is shown in Fig. 
32. The water in the front part of the boiler receives heat from 
the furnace, then rises to the large dnmi on top. It then flows 




Pia. 33. Warm tur furoaoe heating system. 

through this drum to the rear and down into the tubes to receive 
more heat. 

The method of heating houses by means of a warm ajr furnace 
is a good example of the application of transferring heat from one 
point to another by means of convection currents in air. This 
system of heating is illustrated in Fig. 33. It consists of a 
furnace located in the basement and of a number of pipes for con- 
veying cold air to the furnace and warm air to the rooms that 
are to be heated. The cold air enters the furnace at the bottom 
and takes up heat from the furnace by contact with its metal 
parts. The warmed air then rises and passes by convection 
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through other pipes to the rooms above. The same air is not 
used over and over again, but instead, the warm air in the rooms 
leaks out around door and windows and through other openings, 
a fresh supply being taken in through the furnace from out-of- 
doors, to replace it. 

31. Radiation. — When the hand is held beneath an electric 
globe, as shown in Fig. 34, the heat from the lamp may be felt. 

XIn this case the heat cannot reach the 
hand by conduction because the hand 
is not touching the globe; nor can it 
reach the hand by convection, because 
"■^ the air which would carry the heat rises 

when it is heated. When heat is car- 
ried across a space without the aid of 
any material substance, as in the above 
illustration, it is said to be tran^erred 
by radiation. The heat which is trans- 
ferred in this way is called radiant heat 
Examples of the radiation of heat are 
so common that they are often unno- 
ticed. If one sits in front of a hot fire 
in a fire-place, the heat which he feels 
comes to him by radiation. It could 
not come to him by convection because 
the currents of air are moving toward 
the fire. Nor can the heat be trans- 
ferred to him by conduction, for he is 
not in contact with it. 
The heat from the sun reaches the earth by radiation. As 
the distance from the earth to the sun is about 93,000,000 miles, 
and most of this space is a vacuum, convection currents could 
not pass from the sun to the earth. 

The process of transferring heat by radiation is much more 
rapid than by either conduction or convection. Radiant heat 
travels at the same speed as light, which is 186,000 miles per 
second. That the speeds of light and radiant heat are the same 
is proved by the fact that during an eclipse of the sun the shutting 
off of heat takes place at the same time as the shutting off of 
light. 

Radiation differs from conduction and convection in that 
radiant heat always travels in straight lines while conducted or 




Fig. 34. Radiation. 
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convected heat may follow almost any curved path. Radiant 
heat may be cut oflf by a screen, but convected heat would pass 
around it. Twisting or bending a metal bar does not affect 
heat passing through it by conduction. 

Unlike conduction and convection, radiant heat may pass 
through a substance without heating it, or it may even pass 
through a vacuum. Thus, the sunlight passing through a 
window pane will warm a person without heating the window 
pane through which it passes. The sun's rays reaching the earth 
pass through an enormous distance which is almost a perfect 
vacuum, before reaching the surface of the earth. Even the 
atmosphere surrounding the earth receives very little heat from 
the sun's rays passing through it. 

Radiant heat may be reflected from bright surfaces in the same 
manner that light is reflected, the radiant heat reaching the 
bright surfaces in straight lines and leaving in straight lines. 
In general, a surface which will reflect radiant heat readily will 
not absorb it readily, because most of the heat reaching the 
surface is reflected away again. On the other hand, those sub- 
stances which absorb radiant heat readily also radiate heat 
readily. Dark-colored substances usually absorb radiant heat 
better than light-colored ones. 

It follows from the above statements that a well-designed 
tea-kettle should be nickel plated on all parts except the bottom. 
This will insure a small loss of heat by radiation from the body 
of the tea-kettle, while allowing the bottom to absorb heat 
readily. 

In a great many cases heat is not transferred by conduction, 
convection or radiation alone, but rather by a combination of 
two or three of these methods. When a room is heated by a hot 
water radiator the heat is transferred from the water to the inner 
surface of the radiator by conduction. It is then transferred from 
the inner to the outer surface by conduction through the metal 
of the radiator. Part of the heat, which is now at the outer 
surface of the radiator, is transferred to objects in the room by 
radiation, and the remainder is distributed by convection cur- 
rents in the air which is heated by contact with the radiator 
and then moves away to other parts of the room where it gives 
up its heat by conduction or contact. In heating a kettle of 
water over a fire, the heat passes from the fire to the kettle by 
radiation and by contact of the hot gases from the fire. The 
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heat then passes through the metal of the kettle and into the 
water by conduction. 

In cases where heat is transferred by a combination of con- 
duction, convection, and radiation, the proportion of the total 
amount of heat transferred by any one of these means is not 
usually known, hence it is impossible to calculate separately 
the amount of heat transferred by conduction, by convection, 
and by radiation and then add these amounts to obtain the total 
amount of heat transferred. For such calculations, the amoimt 
of heat transferred per hour by all sources is found by experiment 
for a square foot of the material through which the heat is trans- 
ferred and for a difference in temperature of one degree between 
the points which receive and give off the heat. This factor is 
then used in the following formula: 

H=AK{Ti-T) 
in which jff = Number of B.T.U. transferred in one hour 

A = The square feet of surface receiving or giving off 

the heat 
if = Number of B.T.U. transferred per hour by one 

square foot of the material for a difference of one 
degree between the two surfaces of the material 
ri = Temperature of the surface having the higher 

temperature 
T= Temperature of the surface having the lower 

temperature 

Example : 

It is known that the amount of heat lost from each square foot of surface 
of a frame dweUing house is .25 B.T.U. per degree difference of temperature 
between the inside and outside of the house. How much heat will be lost 
per hour from the wall of a room which is 12 feet long and 10 feet high when 
the temperature inside the room is 70^ F. and the temperature outside is 
0°F.? 

Solution : 
Area of the walls which transfers the heat 
A = 10 X 12 = 120 square feet 
Therefore, H = 120 X. 25 (70-0) 
= 120 X. 25X70 
=2100 B.T.U. 

The heat lost from an entire house may be calculated in a 
manner similar to the above, and the heating system propor- 
tioned to supply this amount of heat. Some of the more common 
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values of K, which have been determined by experiment are 
given in the following table: K 

Plain brick wall 12" thick 29 

Plain brick wall 16" thick 25 

Plain brick wall 20" thick 22 

Walls having lath and plaster on the inside, and the out- 
side being covered with: 

Overlapping clapboards 44 

Paper and clapboards 31 

i" sheathing and clapboards 28 

i" sheathing, clapboards and paper 25 

Other surfaces 

Window 1.00 

Skylight 1 . 16 

Lath and plaster ceiling 62 

Floor 1" thick with lath and plaster below 26 

1" wooden door 41 

32. Insulation. — All substances conduct or radiate heat to a 
greater or less extent; hence it is impossible to entirely prevent 
the passage of heat through any substance, but, as shown by the 
table of relative conductivities given on page 50, some substances 
allow heat to pass through them more readily than others. 
Substances which allow heat to pass through them readily are 
said to be good conducting substances, and those which do not 
allow heat to pass through them readily are said to be good 
insulcUing substances. 

Heat insulation plays a very important part in refrigeration, 
where low temperatures are maintained by the expenditure of 
energy in a refrigerating machine or by the melting of ice. 
Any heat that leaks into a cold storage compartment must be 
coimterbalanced by the expenditure of extra energy to lower the 
temperature and hence involves a direct loss. In cold climates 
it is important to construct buildings in such a manner as to 
reduce the leakage of heat from them in order to reduce the 
expense of heating, and large sums of money.are often spent to 
accomplish this purpose. Steam pipes are often covered with 
insulating material to reduce the loss of heat from them, and 
pipes carrying cold brine for refrigerating purposes are insulated 
to prevent a serious change in temperature of the brine while it 
is being transferred from one point to another. 

Pipe covering is usually made of asbestos or magnesia, moulded 
to the shape of the pipe in lengths of about three feet and with a 



60 



HEAT 



thickness of about If inches. The lengths are split longi- 
tudinally and are covered with canvas to protect them from 
injury. These lengths are then fastened on the pipe by means 
of brass bands placed around them. Other materials used for 
pipe covering are cork, hair felt, and mineral wool. When 
asbestos is used it is sometimes moulded with a number of small 
air cells running through it, the air confined in these small cells 
forming insulation of high value. The best insulating substance 
known is air confined in minute cells, and the best non-conducting 
coverings owe their efficiency to the numerous air cells in their 
structure. The following table shows the insulating value of 
several pipe coverings and also the loss of heat from imcovered 
pipe. 

INSULATING VALUE OF PIPE COVERINGS 



Kind of covering 


Thickness 

of covering, 

inches 


B.T.U. lost per sq. ft. of 

pipe surface per hour 

per degree difference of 

temp. 


Per cent. 

of heat 

lost 


Bare pipe 




2.7 
.285 
.387 
.438 
.384 
.532 
.486 
.502 


100.0 


Mineral wool 


1.3 

.96 
1.68 
1.25 
1.24 
1.26 
1.30 


10.6 


Hair felt 


14.3 


Solid cork 


12.9 


Maimesia 


14.2 


Asbestos sponge felted. 

Asbestos air ceU 

Asbestos fire felt 


19.7 
18.0 
18.6 



Insulation of cold storage buildings and compartments is 
secured by the use of hair felt, granulated cork, nonpareil cork, 
mineral wool, rock wool, lith, pumice, cork, and pitch, or mill 
shavings in combination with wood, brick, cement, and air 
spaces. It has been demonstrated that still air is one of the best 
insulators, but the size of the air space must be small in order 
to prevent the air from moving. If a large air space exists 
between vertical walls the confined air will move downward 
along the colder wall and upward along the warmer one and a 
circulation is thus created which transfers heat rapidly from one 
wall to the other. If the air space is divided horizontally and 
vertically into smaller sections, the circulation of air is retarded 
and its insulating value increased. If the air space is further 
subdivided by filling with some material, such as granulated 
cork or mill shavings, its insulating value is still further increased. 

An insulation, however good when new, will become less 



effective if it becomee damp. Besides being moisture-proof, 
insulation stiould be non-odorous and unlikely to settle or to 
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)ompo''e It should also be slo(v-burmug or fire-proof and 
easily applied Recentlj insulating papers of different kinds 
have been adopted in insulated atructurcs Their value dependtj 




upon their ability to prevent the entrance of moisture and air 
rather than upon their insulating quaUties. In order to prevent 




B penetration of moisture into insulation other materials such 
as pitch, paraf&n, and so-called water-proof paints and varnishes 
are also used. 
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Figs. 35, 36, and 37 show types of modern construction for 
walls of refrigerated buildings. Any of these types of walls are 
well adapted to buildings in which the temperature is maintained 
at 0° F. when the outside temperature is 80° F. 

The following table, originated by Mr. J. E. Starr, gives the 
insulating value of some conmion types of construction: 



INSULATING VALUE OF DIFFERENT KINDS OF 

CONSTRUCTION 



Material 


B.T.U. lost per sq. ft. 

of surface per hr. per 

degree difference in 

temperature 


Mill shavings 
}" sheathing, paper, }" sheathing, 8" mill shavings, 
1" sheathins, paper, 1" sheathins 


.056 


Same slishtlv moist . . . .• 


075 


Same damp 


.087 


Hair Felt 
1" sheathing, paper, j" sheathing, 1" hair felt, f" 
sheathine, paper, 1" sheathine 


.138 


J" sheathing, i" hair felt, f" sheathing, 2 layers J" 
hair felt, }" sheathing, y hair felt, }" sheathing 

Sheet Cork 

J" sheathing, paper, J" sheathing, 1" air space, 4" 
sheet cork, paper. 1" sheathins 


.105 
.050 


Same with 5" sheet cork 


.037 


J" sheathing, paper, 3" sheet cork, paper, J" sheath- 
ine. 


.087 


**o 

i" sheathing, paper, i" sheathing, 1" sheet cork, 
i" sheathing, paper, }" sheathing 

Granulated Cork 
i" sheathing, paper, }" sheathing, 4" granulated 
cork, J" sheathing, paper, J" sheathing 

Mineral Wool 
J" sheathing, paper, 2i" mineral wool, paper, }" 
sheathing 


.137 
.071 
.161 


Same with 1" mineral wool 


.192 


Wood 
i" sheathing, paper, J" sheathing, paper, f" sheath- 
ing, paper, 1" sheathing 


.178 


Air Spaces 
i" sheathing, paper, j" sheathing, 8" air space, J" 
sheathing, paper, I" sheathinir 


.112 


Pitch 
1" sheathing, 1" pitch, 1" sheathins 


.204 


i" sheathing, 2" pitch, 1" sheathing 


.177 
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33. Measuring Heat — The unit of heat has been defined as 
the quantity of heat necessary to raise the temperature of one 
pound of water one degree Fahrenheit (from 62° to 63°). This 
definition indicates a convenient way of measuring different 
quantities of heat^ that is, by passing the heat into a known 
weight of water and noting the rise in temperature of the water. 
The quantity of heat absorbed by the water will then be equal to 
the product of the weight of water and its change in temperature. 
Devices for measuring quantities of heat are called calorimeters, 
and nearly all of them operate upon the method outlined above. 
Steam calorimeters are an exception to this, but they are not 
really heat measuring devices, but rather devices for determining 
the amount of moisture in steam. The kinds of calorimeters 
most commonly used are the coal calorimeter and gas calo- 
rimeter. The coal calorimeter is used for measuring the heating 
value of coal and other solid fuels and also for liquid fuels. The 
gas calorimeter is used for measuring the heating value of 
gaseous fuels. 

34, Coal Calorimeter. — ^There are several forms of coal 
calorimeters which are widely used and which differ from one 
another in the details by which the fuel is fired, but which are all 
alike in the method of measuring the heat by passing it into a 
known weight of water and noting its rise in temperature. 

One of the best-known coal calorimeters is the Mahler Bomb, 
which is illustrated in Fig. 38. This calorimeter consists- of two 
parts, a steel vessel called a bomb, in which the fuel to be tested 
is burned, and a vessel containing water, in which the bomb is 
immersed. When the fuel is burned the heat that is developed 
passes through the walls of the bomb and into the water, thus 
raising its temperature. 

The bomb consists of a porcelain-lined steel shell fitted with a 
screwed cap, the porcelain lining being for the purpose of protect- 
ing the steel shell which would be attacked by the gases from the 
burning fuel. To the screwed cap is attached a small platinum 
cup for holding the fuel, which is powdered, if solid, or is placed 
in a gelatin capsule, if liquid. A small iron wire is placed in 
contact with the fuel. The fuel is ignited by passing an elec- 
tric current through the small iron wire, which heats it to red- 
ness. After the fuel is placed in the bomb, oxygen under a high 
pressure is pumped into it. This causes the fuel to ignite readily 
and bum almost instantly and completely, leaving only a pure ash. 
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The water in the vessel containing the bomb is stirred con- 
stantly during the test of a sample of fuel, in order to secure a 
uniform temperature throughout the water. The temperature 
of the water is read at short intervals during the test to deter- 
mine its maximum increase. The vessel is protected from loss 




Pig, 38. Mahler bomb calorimeter. 



of heat by making its walls double with an air space between, 
and by covering the outside with a thick layer of felt. 

The heating value of a fuel burned in a coal calorimeter may 
be calculated if the weight of the sample of fuel, the weight of 
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water, and its rise in temperature is known. The method of 
doing this is illustrated by the following example: A sample 
of coal weighing .004 pounds is burned in a coal calorimeter con- 
taining 4.41 pounds of water and produces a rise in temperature 
of 11.2 degrees. 

The amount of heat absorbed by the water equals 

11.2X4.41=49.392 B.T.U. 

and this amount of heat was produced by the burning of .004 
pounds of coal. Therefore, if one pound of coal had been burned, 
the heat produced would have been: 

^^=12,348 B.T.U. 
.004 ' 

which represents the heating value of the coal tested, expressed 
in heat units per pound of coal, which is the usual way of express- 
ing the heating value of coal. 

36. Gas Calorimeter. — ^The Junker Calorimeter, shown in 
Fig. 39, is a form of gas calorimeter which is widely used in this 
country. It consists of three parts: a gas meter for measuring 
the amount of gas burned, a Bunsen burner by means of which 
the gas may be burned completely, and the calorimeter proper, 
for passing the heat developed by the burning gas into water 
where it may be measured easily. 

The calorimeter proper consists of a nickel-plated cylindrical 
copper or brass shell which has a number of small brass tubes 
passing through it from one end to the other. The hot gases re- 
sulting from the burning of the gas pass to the top of the calorime- 
ter through one set of tubes and to the bottom again through 
another set, while water circulates around the tubes and absorbs 
the heat from the gases. The rate at which the hot gases pass 
through the calorimeter and also the amount of water passing 
through the calorimeter may be regulated, thus insuring that the 
gases will be cooled to the temperature of the atmosphere before 
they leave the calorimeter. The body of the calorimeter is nickel 
plated to prevent the radiation of heat. It is seen, then, that 
all of the heat developed by the burning gas will pass into the 
water and may be measured by weighing the water which passes 
through the calorimeter in a given time, by measuring the 
number of cubic feet of gas burned during the same length of 
time, and by noting the temperature of the water entering and 
leaving the calorimeter. 



The method of calculating the heat contained in the gas, or 
its heating value, may be illustrated by using the following 
data: 




Weight of water passing through calorimeter 
Volume of gas burned ia same length of time 
Temperotuie of water entering calorimeter 
Temperature of water leaving calorimeter 
ChanKe in temperature of water =70 —SO 



-5 lb. 
-.16 CU. : 
-60° F. 
-70» F. 
=20" F. 



The amount of heat absorbed by the water equals 5x20 —100 B.T.D. 

and this amount of heat was developed by the burning of .16 
CU. ft. of gas. Since the heating value of a gas is usually expressed 
in B.T.U. per cubic foot, the heating value of this gas is 



= 625B.T.U. percu. ft. 
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QUESTIONS 

81. Explain why a piece of paper if wrapped tightly around an iron rod 
and held in a match flame for an instant will not be scorched, but if it is 
wrapped around a glass rod it will be scorched at once. 

82. If the tongue is placed against a frosted piece of iron on a cold winter 
day it will freeze to the iron almost instantly. If touched to a piece of 
frosted wood, it will not freeze to it. Explain this. 

88. Explain why a thick glass bottle is liable to break when hot water 
is poured into it, but a thin glass bottle is not liable to break under the same 
conditions. 

84. Explain why dark-colored clothes keep us warmer in winter and 
light-colored ones keep us cooler in summer. 

86. Why is tightly packed wooLa better insulator than loose wool? 

86. A room 16 X30 ft. with a nine-foot ceiling has one of its long and one 
of its short sides exposed to the outside. The waUs are 12 in. thick and 
built of brick. In the 30 ft. waU there are 4 windows each 3X5 ft. and in 
the 16 ft. wall there are 2 windows each 3X5 ft. and one wooden door 
4 X7 ft. Calculate the amount of heat lost through the walls, windows, and 
door when the outside temperature is 10 degrees below zero and the tempera- 
ture inside the room is 68° F. 

87. A sample of coal weighing -^ ounce is burned in a coal calorimeter and 
causes the temperature of the water in the calorimeter to rise 5° F. The 
calorimeter contains 2 gallons of water. How many heat units does one 
pound of this coal contain? (Use 8.34 pounds as the weight of one gallon 
of water.) 

88. A man wishes to place a coil of 1 inch pipe in his furnace for heating 60 
gallons of water per hour from a temperature of 40° F. to a temperature of 
180° F. It is assumed that a square foot of pipe surface will transmit 
50 B.T.U. per hour for each degree difference of temperature between the 
interior of the furnace and the water in the coil, and it is also assumed that 
the difference in temperature in this case is 300° F. What length of pipe 
should the coil mentioned above contain? 

89. Why does the return pipe of a hot water heating system enter the 
boiler at the bottom? 

40. The outside surface of a Junker calorimeter is polished and nickel 
plated, and the directions for the use of the apparatus say it is very impor- 
tant that the outer surface of the calorimeter should be kept clean and 
polished. Explain the reason for this. 



CHAPTER V 

GENERATION OF HEAT 

36. Source of Heat. — All of the heat used by man, except that 
which is derived from some natural source such as the sun, is 
obtained by changing other forms of energy into heat energy. 
It has been shown in a previous chapter that mechanical energy 
may be changed into heat by means of friction. Electrical 
energy may also be changed into heat. This is done by placing 
resistance in a circuit through which electricity is flowing. 
Whenever a current of electricity meets a resistance to its flow, 
heat is developed. The resistance may be in the form of a wire 
of low-conducting power, in which case the wire will become 
heated, or it may be in the form of an air gap across which the 
current of electricity is forced to flow, in which case the heat is 
developed in the air gap. The generation of heat by elec- 
tricity is becoming more important every year. Many street 
cars are heated by electricity and large quantities of electricity 
are used in developing heat in electric furnaces where a high 
temperature is desired. This method of generating heat will be 
treated more fully in the latter part of this chapter. 

37. Combustion of Fuel. — ^By far the largest part of the heat 
used by man for commercial and domestic purposes is obtained 
from the combustion (burning) of fuel. The combustion of fuel 
is a process by which oxygen unites with certain chemical sub- 
stances in the fuel, liberating heat. By the combustion of fuel, 
the chemical energy in the fuel is changed into heat. 

The most common fuel is coal. Other fuels of less importance 
are wood, peat, coke, natural gas, various manufactured gases, 
and crude oil and its products, such as gasoline and kerosene. 

The chemical substances from which nearly all of the heat is 
liberated in burning fuel are carbon and hydrogen, and the 
amount of these substances present in the fuel determines the 
amount of heat that may be obtained from burning it. There 
are also other substances in fuels, such as nitrogen, oxygen, and 
water, which pass off as gas when the fuel is burned. The 
remainder of the fuel is earthy matter or ash. 

68 
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The oxygen supplied to fuel in order to carry on combustion 
comes from air, which consists of .207 parts, by volume, of 
oxygen, and .793 parts of nitrogen. The nitrogen plays no part 
in the combustion of fuel, but seems to be present only for the 
purpose of diluting the oxygen. When hydrogen unites with 
oxygen the amount of heat liberated is 62,000 B.T.U. for each 
pound of hydrogen which enters the union. The product of 
this union is water, which consists of two parts, by volume, of 
hydrogen and one part of oxygen. 

When carbon imites with oxygen two products may result, 
depending upon the proportion of oxygen which unites with the 
carbon. If one part, by volume, of carbon unites with two parts 
of oxygen the resulting product is carbon dioxide and the amount 
of heat liberated is 14,500 B.T.U. for every pound of carbon which 
enters the union. If one part, by volume, of carbon unites with 
only one part of oxygen, the resulting product is carbon monoxide 
and the amount of heat liberated is 4400 B.T.U. for every 
poimd of carbon that enters the union. When carbon dioxide 
results from the burning of carbon the combustion is complete, 
since oxygen will not unite with carbon in a greater proportion 
than two parts of oxygen to one of carbon. When carbon 
monoxide results from the burning of carbon the combustion is 
incomplete because more oxygen might have combined with the 
carbon, and because the carbon monoxide itself is capable of being 
burned. 

The importance of securing complete combustion of fuel may 
now be seen. When there is complete combustion 14,500 
B.T.U. are obtained for every pound of carbon burned, while 
if the combustion is incomplete, only 4400 B.T.U. are obtained 
for every poimd of carbon burned. Incomplete combustion, 
therefore, causes a loss of 10,100 B.T.U. for every pound of 
carbon burned. Incomplete combustion may be caused by too 
small a supply of air to the fire, by the carbon not coming in 
contact with oxygen, or by the carbon and oxygen being cooled 
below their combining temperature before they have had time 
to complete the process of combustion. 

38. Heating Value of Fuel. — The amount of heat obtained 
from combustion of one pound of hydrogen is 62,000 B.T.U. 
while that obtained from a pound of carbon, if combustion is 
complete, is 14,500 B.T.U. Hence, a fuel which is rich in hydro- 
gen will have a high heat producing value. The liquid fuels, 
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such as gasoline and kerosene, contain more hydrogen than does 
coal, and these Uquid fuels, therefore, have a higher heat pro- 
ducing value per pound than does coal. All of the ordinary 
commercial fuels contain a much larger proportion of carbon 
than of hydrogen, and the larger part of the heat obtained from 
burning them comes from the carbon rather than from the 
hydrogen. 

When the chemical composition of a fuel is known, its heat- 
ing value per pound may be calculated approximately by the 
formula: 



B.T.U. = 14,500 C+62,000(h-^) 



In this formula C, JET, and represent the parts of a pound of 
carbon, hydrogen, and oxygen which a pound of the fuel contains. 
It is assumed that all of the oxygen in the coal is already 
combined with a part of the hydrogen. As oxygen combines 
with hydrogen in the ratio of 1:8, a part of the hydrogen equal 
to one-eighth of the weight of oxygen will not produce heat. 

The remainder of the hydrogen, orfjEf— -^j, will be available 

for producing heat. 

Example : 

What is the heat-producing value of a pound of coal which has the follow- 
ing chemical composition: Carbon, 78.31%; Hydrogen, 5.36%; Nitrogen, 
1.85%; Oxygen. 8.80%; Ash, 5.68%? 

Solution : 

In each pound of this coal there are .7831 pounds of carbon, .0536 pounds 
of hydrogen, and .0880 pounds of oxygen. Therefore the heating value of 
one pound of this coal is: 

B.T.U. = 14,500C +62,000 (h - g) 

= (14,500 X .7831) +62,000 (.0536 - '^^\ 

= 11,355 +62,000 X .0426 
= 11,355+2,641 
= 13,996 B.T.U. 

Out of the entire 13,996 B.T.U. in a pound of this coal, the carbon sup- 
plies 11,355 B.T.U. and the hydrogen supplies only 2641 B.T.U. Although 
the heating value of hydrogen is much higher than that of carbon, there is 
a much larger proportion of carbon than of hydrogen in the coal, hence nearly 
all of the heat is derived from the carbon. 

The approximate composition and heating value of some common fuels 
are given in the following table. The composition of a particular kind of 
fuel may vary through a wide range, hence the values in this table should 
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not be taken as fixed quantities but only as the composition and heating 
value of one sample of each kind of fuel: 



Kind of fuel 



Carbon 

% 



Hydrogen 

% 



Nitrogen 

% 



Oxygen 

% 



Ash 

% 



B.T.U. 
per lb. 



Anthracite coal 

Semi-bituminous 
coal. 

.Bituminous coal 

Lignite 

Wood 

Crude oil 

Kerosene 

Gasoline 



85.66 
85.91 

68.14 

47.34 

50.0 

82.0 

84.0 

84.0 


2.78 
4.58 

5.38 

5.93 

6.0 

14.8 

16.0 

16.0 


.77 
1.07 

1.34 
.66 
1.0 


2.45 
3.24 

15.83 
27.53 
41.0 
3.2 


8.34 
5.20 

9.31 

18.54 

2.0 











13,955 
15,045 

11,988 
8,408 
7,870 
20,718 
22,100 
22,100 



39. Air Required for Combustion. — Since air is the usual 
source of the oxygen used to maintain combustion^ there must be 
a continuous supply of it to the fuel if combustion is to be main- 
tained steadily, and the supply of air must be large enough to 
contain a sufficient quantity of oxygen to carry on the com- 
bustion. Different fuels will require different amounts of air 
on account of their chemical composition being different. Those 
fuels containing a large proportion of hydrogen require more 
air for combustion than those containing a small proportion, be- 
cause the hydrogen requires more air for combustioi^ than any 
other substance in the fuel. 

The weight of air required to furnish oxygen for one pound of 
fuel may be calculated by the following formula: 



A=34.66(|+ff-^) 



in which A = pound, of air required per pound of fuel 

C=part of a pound of carbon in one pound of fuel 
ff =part of a pound of hydrogen in one pound of fuel 
0=part of a pound of oxygen in one pound of fuel 
Applying this formula to the kind of coal mentioned in the 
example above in which the carbon was 78.31%, hydrogen 
6.36%, nitrogen 1.85%, oxygen 8.8%, and ash 6.68%, will give 



A=34.56(-^+^-g^ 



=34.56 



(^f+-»™-T) 



=34.56 (.261+ .0536 -.011) 
= 34.56 X. 3036 
= 10.49 lb. 
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The weight of air given by this formula is the least weight 
that will supply the oxygen required for complete combustion. 
As there is a large chance that some of the oxygen will not come 
in contact with the carbon and hydrogen, it is necessary to supply 
more air to the fuel than indicated by the above formula. The 
excess of air to be supplied in any case depends upon the kind 
of fuel and the conditions under which it is being burned. In 
general, 1.5 to 2.0 times the amount of air given by the above 
formula is required for solid fuels, and from 1.26 to 1.76 for liquid 
fuels. Thus, the coal mentioned above would require about 
21 pounds of air to be supplied to the furnace per pound of 
coal in order to insure complete combustion instead of only 10.49 
poimds. 

40. Temperature of Combustion. — If the heat liberated by 
the combustion of fuel is confined in such a way that no radia- 
tion can take place, the resulting increase in temperature of the 
products of combustion may be expressed by the following 
formula: 

m H 

^".2i7Tr 

in which 7 = the increase in temperature, d^rees F. 

H = B.T.U. liberated per pound of combustible material 
Tr = weight of gaseous products in pounds 
.217 = the specific heat of the gaseous products 
Applying this formula to the sample of coal mentioned in the 
example above, it will be seen that the per cent, of combustible 

material is 78.31+5.36+8.8 = 92.47% and the heat Uberated 

13 996 
per pound of combustible material amounts to qL.- =15,136 

B.T.U. The products of combustion contain all of the fuel ex- 
cept the ash and also all of the air supplied to the fire. The 
products of combustion include, from the fuel 

78.31+5.36+1.85+8.8 = 94.32% 

and the air supplied per pound of material which enters the 
products of combustion amounts to 

^912=22.15 lb. 

The products of combustion will then contain one pound of 
combustible material for every 22.16 lb. of air, or the products 
of combustion resulting from burning one pound of combustible 
material will weigh .94+22.15 = 23.09 lb. 
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The increase in temperature resulting from the combustion 
will therefore amount to 

^ "■ .217 W 

15136 
.217 X 23.09 

15136 
5.01 

= 3021° F. 

The actual temperature realized would be somewhat less than 
this on account of certain losses occurring in the furnace which 
cannot be avoided. The necessity for reducing the excess of air 
supplied to the fuel to as small an amount as possible is indicated 
by the above example, since any excess air requires heat to raise 
its temperature and therefore reduces the maximum temperature 
attained. 

The generation of heat at high temperatures is necessary, not 
only in order to secure good combustion of coal, but also in many 
cases on account of the use made of the heat after it is generated. 
Many processes, regardless of the kind of fuel used, require heat 
of very high temperature, such, for example, as in melting 
various metals, smelting ores, welding, and in the manufacture 
of certain substances such as aluminum, carborundum, carbide, 
etc. In all cases where a high temperature is required the heat 
must be generated at the point where it is used, because it is 
impossible to store or transport heat at very high temperatures. 

41. Blow-pipe Welding. — When two pieces of metal are to be 
welded, the surfaces that are to be joined are first brought to a 
high temperature. The welding may then be completed by 
pressing or hammering the two surfaces together, or they may be 
simply brought together without pressure if the metal is in a 
molten condition; the surfaces will then fuse and run together. 
In either case a very high temperature is required. If the pieces 
of metal to be welded are large, it is difficult to heat the welding 
surfaces to a high temperature because the heat is rapidly con- 
ducted away from the surfaces through the body of the metal. 

One of the methods of producing welding temperature in 
metals is by directing the flame from a blow-pipe or torch against 
the parts to be heated. The flame from a blow-pipe is intensely 
hot and, at the same time, is small and may be directed upon the 
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point where the heat is most needed. Blow-pipe flames for 
welding are made by burning with pure oxygen a gas having a 
high heating value. 

The high temperatures obtained with a blow-pipe are due 
partly to the use of a gas having a high heating value which gives 
a large amount of heat in a small flame, and also to the use of 
pure oxygen instead of air. If air were used the large propor- 
tion of nitrogen in it would dilute the products of combustion 
and it would have to be heated to the flame temperature, thus 
absorbing and carrying away part of the heat and preventing 
the flame temperature from being as high as would result from 
the use of pure oxygen. The oxygen and the other gas are stored 
in tanks under pressure in order to store a large amount in a 
small space and also to furnish pressure for blowing the flame 
against the part to be heated. 

The gases most commonly used in blow-pipe welding are oxygen 
and hydrogen, and oxygen and acetylene. These systems 
are called respectively the oxy-hydrogen process and the oxy- 
acetylene process. 

In the oxy-hydrogen process, hydrogen is burned in pure 
oxygen, the products of this combustion being water, or water 
vapor. Two volumes of hydrogen unite with one volume of 
oxygen in burning; hence the oxy-hydrogen blow-pipe uses 
approximately one-half as much oxygen, by volume, as of hydro- 
gen, the ratio being a little less than one-half in practice because 
some air is drawn into the blow-pipe flame. 

Hydrogen has a heating value of about 62,000 B.T.U. per 
pound or 346 B.T.U. per cubic foot, and, as this amoxmt of heat 
is developed within the small space of the blow-pipe flame, it 
gives a high temperature. The temperature of the flame is 
about 4000° P., which is sufficiently high for welding a great 
variety of objects. Metals may also be cut readily by the oxy- 
hydrogen flame, and it is often employed for this purpose. The 
flame is particularly suitable for cutting because it is thin and 
long, which permits it to reach through a comparatively thick 
piece of metal. Steel bars up to 24 inches thick may be cut 
readily by the oxy-hydrogen flame. In cutting metals the flame 
melts out a thin slice from the metal, leaving a clean, sharp cut. 

The apparatus for oxy-hydrogen welding and cutting consists 
of two cylinders, as shown in Fig. 40, which contain the com- 
pressed oxygen and hydrogen under a high pressure, and fitted 
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with valves for reducing the pressure to the proper amount, and 
gages for registering the pressure. The oxygen and hydrogea 
are led by separate pipes to the torch, where the two gases 
are mixed. There is no danger of the flame flashing backward 
into the oxy-hydrogen torch because the velocity of the gases 
leaving the torch is great enough to prevent the flame travelling 
backward. 

In the oxy-acetylene blow-pipe, acetylene gas is burned in 
pure oxygen. Acetylene is a gas composed of hydrogen and 
carbon and has a heating value of 21,421 B.T.U. per pound, 
which is a lower heating value than that of hydrogen; but, on 
account of its greater density, acetylene has a heating value of 




Fig. 40. Oxy-hydimgeii blow-pipe. 

1554 B.T.U. per cubic foot. The combustion in an acetylene 
blow flame takes place in two stages: first, there is an inner pencil 
of flame in which the acetylene bums to carbon monoxide and 
water vapor; and, second, there is an outer envelope in which 
the carbon monoxide bums to carbon dioxide and also some 
acetylene bums to carbon dioxide and water vapOT. The tip 
of the inner pencil of flame has the highest temperature, which 
is about 6500° F., but the larger quantity of heat is contained 
la the outer envelope on account of its larger size. In welding 
or cutting metals the tip of the inner pencil of flame is brought 
in contact with the surface to be heated. The outer envelope 
then forms a protection for the point of highest temperature and 
also serves to pre-heat the metal and reduce strains in it due to 
expansion and contraction. The outer envelope of flame also 
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preventa coddation of the metal that is bang melted. The flame 
of the oxy-acetylene blow-pipe is shorter than that of the oxy- 
hydrogeo blow-pipe; hence it is not so well adapted to cutting 
thick pieces of iron or steel. 

The (ncy-acetylene welding and cutting apparatus resembles 
the oxy-hydrogen apparatus in that it has two tanks, one for 
ox^^n and one for acetylene, but the acetylene is not stored 
under high presure as is hydrogen, because it is explosive at high 
pressures. 

The form of torch for acetylene, shown in Pig. 41, is somewhat 
different from that for hydrogen. Acetylene is liable to flash 
back, hence a great many of the torches keep the oxygen and 




Fio. 41. Oicy-acetylene blow-pipe. 

acetylene separate up to the tip of the torch; other torches have 
some porous substance in them to divide the acetylene into 
small streams which prevent the flame from travelling backward. 

42. Thermit Welding. — A process of welding has been de- 
veloped within recent years which resembles casting, in that 
melted metal is poured into a mold surrounding the metal that 
is to be welded. In this process the metal for making the weld 
and also the heat for melting the metal are obtained by chemical 
actions in a substance called thermit, from which this kind d 
welding takes its name. 

Thermit is composed of iron OJaAe and finely powdered 
aluminum. This substance is capable of burning, and in doing 
so the iron oxide, which is composed of iron and oxygen, is 
decomposed, the oxygen leaving the iron and uniting with the 
aluminum, forming aluminum oxide. These chemical changes 
generate large quantities of heat and ruse the temperature of the 
thermit to about 5400° F. The thermit is melted by the large 
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quantity of heat evolved and the aluminum oxide, being lighter 
collects on top of the molten mass, leaving the pure iron at the 
bottom. 

In making a weld, a mold ia first made around the parts to be 
joined, with holes properly placed for poming the metal. A 
sufficient quantity of thermit is then placed in a crucible having 
an opening at the bottom which is stopped temporarily with 
clay. The thermit is then ignited and when the chemical actions 
described above have proceeded far enough to melt the iron, the 
opening in the bottom of the crucible is tapped and the melted 




Fig 42 Thermit welding. 



iron runs into the mold. An apparatus of this kind is shown in 
Fig. 42. 

Two distinct methods are followed in applying thermit welding. 
One of these utilizes the heat developed by the chemical changes 
taking place in. the thermit to bring the pieces which are to be 
joined to a welding temperature, when they are forced together 
by suitable clamps and butt-welded in a manner similar to forge 
welding. In the other method the ends of the pieces to be 
joined are fused or melted together by the molten metal resulting 
from the chemical actions in the thermit, the molten metal being 
held by a suitable mold surrounding the joint. When the fused 
parte cool they form one solid piece. 

The first method of welding ia usually applied to pipes, tubes, 
and small rods. In making a weld by this method the ends to be 
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joined are first filed or machined to fit closely together, after 
which they are held together by clamps and surrounded with a 
cast iron mold of such size as to hold just enough thermit to 
bring the parts to a welding heat. The necessary amoimt of 
thermit is then ignited in a flat bottom crucible and as soon as the 
thermit is melted it is poured into the mold. The aluminum 
oxide, being light, collects at the top of the crucible and is 
poured into the mold first where it adheres to the mold and pieces 
to be welded and prevents the melted iron which follows from 
sticking to them. As soon as the molten mass has been in the 
mold long enough to bring the pieces to a welding temperature, 
they are forced together by the clamps and the weld completed. 

Rods up to 2 inches in diameter and pipe from 1 to 6 inches 
have been welded by this method. Its chief application is in 
welding anmionia, compressed air, high-pressure steam and 
hydraulic pipe lines, where the work has to be done in place. 

In the second method of thermit welding the ends to be joined 
are not brought close together, but a space is left between them 
varying from } to 2 inches wide, depending upon the size of the 
parts to be welded. After the parts to be welded are thoroughly 
cleansed of grease, dust, etc., they are surrounded by a mold which 
is provided with pouring gates and risers and which also has an 
opening at the bottom through which heat may be applied to 
pre-heat the parts to be joined. When the space between the 
parts to be joined is of uniform cross-section, a wooden pattern 
is made of the size and shape of the opening. This is placed in 
the opening so that, after the mold is made and the pattern 
removed, there will be a hollow space in it of the same shape 
and size as the space between the parts to be joined. Where 
this space has an irregular cross-section it is filled with wax 
while the mold is being made. Heat is then apphed to the 
bottom opening of the mold and the wax is melted and runs out. 
The heating is then continued until the pieces of metal to be 
welded are red hot, when the melted thermit is run into the 
mold through an opening in the bottom of the crucible. 

In making welds by the second method best results are ob- 
tained if the metal run into the mold has the same composition 
as the parts to be joined. This result is accomplished by adding 
the necessary substances to the thermit, such as nickel, when 
nickel steel is to be welded, manganese or chromium in welding 
manganese steel or chrome steel, etc. 
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This method of welding has its chief appUcation in welding 
street railway rails and in repairing all kinds of machinery where 
the sections to be welded are large and where the work must be 
done rapidly and in place. Among such repairs may be men- 
tioned the welding of engine frames, crank shafts, fly-wheels, and 
large castings of every description. 

43. Electric Welding. — An electric current may be employed 
for welding by two methods, known as resistance welding and 
arc welding. Resistance welding depends upon the fact that if a 
resistance is placed in an electric current heat will be developed 
in the resistance. In this method of welding the parts to be 
welded are placed in the electric circuit so the current must flow 
through them. The ends of those parts where the weld is to be 
made are brought together so the electric current will flow from 
one to the other, but the contact of these pieces offers more re- 
sistance to the electric current than the solid metal, hence the 
pieces are heated at the point of contact. As soon as the pieces 
of metal to be welded reach a welding temperature they are 
pressed together, making a butt weld. 

The resistance method of welding has the advantage that the 
heat is developed in the metal itself at the joint and the current 
is therefore used economically. In other systems the heat is 
not generated within the metal; hence, some of it is dissipated 
and wasted. Other advantages of this system of welding are 
that the metal in the joint is the same as elsewhere; the metal 
can be held at any temperature for any desired length of time and 
the heat increased or decreased at will; the joint is in plain view 
while the weld is being made; and the process does not produce 
smoke, dirt, or heat; hence, the apparatus may be located 
anywhere. 

Various forms of machines are built for resistance welding but 
they are alike in that they have a transformer which is provided 
with insulated clamps for holding the pieces of metal to be welded 
and with a means for pressing the pieces together. Some 
machines are also provided with means for shaping the weld after 
it is made, such as for removing fins or for preventing the joint 
from bulging. The machines are built in various sizes and types 
to suit the kind of work on which they are to be employed and 
the size of metal to be welded. 

The sizes of metal that may be welded by this method vary 
from the smallest size up to sections of 3 square inches. . Among 
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the common applications of this process of welding is the welding 
of metal tires of all kinds and other parts in the running gear of 
wagons and carriages, bicycle parts, parts of tools, wire of all 
kinds for such purposes as hoops, fencing, etc., pipe chains, 
automobile parts and the like. The output of machines varies 
with the size and shape of the sections to be welded. Bars 
f inch in diameter may be welded in 6 seconds and some butt- 
welding machines make 20 welds per minute. Spot and point 
welders are made to operate automatically and make from 5 to 
10 welds at one time. 

Electric arc welding depends upon the fact that if two electric 
conductors are brought together and then separated a short 
distance an arc or flame will be formed in the air space between 
them, and the electric current will continue to flow through the 
arc and maintain it. Electrical energy is changed into heat in 
the arc, and as this heat is developed within a small space the 
resulting temperature is very high. 

There are three processes of arc welding, called, after the 
names of the inventors, the Bernardos process, the Slavianoff 
process, and the Zerener process. In the Bernardos process 
the arc is drawn between the work to be welded, which forms 
one terminal, and a carbon electrode, which forms the other 
terminal. The Slavianoff is the same as the Bernardos, except 
that a metal electrode is used instead of a carbon one. In the 
Zerener process the arc is drawn between two carbon electrodes 
and the arc is blown against the work to be welded by means of 
a magnet. The Zerener process has never come into extensive 
use and is therefore of little importance. 

A diagrammatic illustration of the apparatus used in the Ber- 
nardos process and its arrangement is shown in Fig. 43. This 
consists of an electric generator or other source of direct current 
electricity, a switch and circuit breaker, two water rheostats for 
controlling the strength of current, and a metal welding table 
to which one wire is connected, thus making the table a part of 
the electric circuit. The other electrode consists of a carbon 
rod f or 1 inch in diameter and about 6 inches long which is held 
in a metal holder having a wooden handle. The pieces to be 
welded are placed on the metal table, with which they make 
electrical contact, the rheostats are adjusted for the proper 
strength of current, and the carbon electrode is brought in con- 
tact with the metal to be welded and then drawn away about 
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} of an inch in order to establish the arc. The heat from the 
arc Boon meltfi th'e metal and causes it to run together. In case 
additional metal is to be run into the weld it is done by holding 
a bar of the metal in the arc, which melts it. After the weld 
is made and while it is still hot it is usually necessary to hammer 
it to avoid sponginess. 

The Bernardos process of welding is liable to make a hard 
weld on account of carbon from the electrode mixing with the 
iron. The Slavianoff process overcomes this by using as an 
electrode a bar of metal having the same composition as the 
pieces to be welded, and it therefore gives a stronger weld; but, 
on the other hand, the metal electrode gives a shorter arc which 
is more difficult to manipulate. 

Electric arc welding has to be done in a separate enclosure as 
the bright light from the arc would interfere with workmen at 




Fio. 43. Electric velding apparatus. 



other occupations. As the rays of light from the arc irritate the 
skin, the operator has to protect his face with a mask and his 
hands with gloves. 

An electric furnace operates on the same principles as the elec- 
tric welding. Large carbon rods are used for the electrodes and 
an arc established between them. The space between the elec- 
trodes where the arc is formed is surrounded by fire-brick or 
other refractory substances to confine the heat and maintain 
a high temperature. The substances to be melted are packed 
between the carbon electrodes where they will be subjected to 
the intense heat of the arc. The electric furnace is used in the 
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manufacture of various substances which require an extremely 
high temperature for their formation. Exaniples of these are 
carborundum, used as an abrasive, which is made by fusing char- 
coal and sand; calcium carbide, used for making acetylene gas, 
made by fusing lime and coke; and aluminum, made by fusing 
certain kinds of clay. 

QUESTIONS 

41. What is meant by the combustion of a fuel? 

42. What are the substances in fuel which generate the most heat, and 
how do these substances generate heat? 

48. Why is it important to secure complete combustion of fuel? 

44. What conditions are necessary in order to secure complete combustion 
of fuels? 

46. The analysis of a certain kind of coal showed it to contain: Carbon, 
74.33%; Hydrogen, 4.96%; Nitrogen, 1.43%; Oxygen, 7.61%. What is 
the heating value of a pound of this coal? 

46. If only one-half of the carbon in the above coal were burned com- 
pletely, the other half being burned incompletely (so as to form carbon 
monoxide) how much heat would be obtained from one pound of the coal? 

47. How much air is required to completely bum one pound of the above 
coal? About how much air would be supplied to the furnace in actual 
practice? 

48. What is the theoretical temperature of combustion for the above coal? 

49. What is Thermiif 

60. Describe the process of thermit welding. 

61. Why does the oxy-hydrogen blow-pipe give a very high temperature? 

62. Why does the oxy-acetylene blow-pipe produce a hotter flame than 
the oxy-hydrogen blow-pipe? 

63. What are the advantages of electric welding? 
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4A, Pressure. — The word pressure has two different meanii^B. 
It is used to refer to the total force produced by the weight of a 
substance, or it may refer to the force exerted upon a unit of 
area. Pig. 44 shows a glass vessel of square cross-section 611ed 
with water to a height of 2 feet. 
Since the area of the bottom of 
the vessel is one square foot, the 
vessel contains 2 cubic feet of 
water and, as a cubic foot of 
water weighs 62.4 pounds, the 
pressure exerted upon the bot- 
tom of the vessel amounts to 
2X62.4 = 124.8 pounds. This 
pressure is usually spoken of 
as the total preaeure, and it is 
measured in pounds. The pres- 
sure exerted upon each square 
inch of the bottom of the vessel 
will be 144 =-866 pounds. 
This pressure is called unit pres- 
aure, sauce it is the pressure ex- 
erted upon a unit of area, but 
it is usually referred to simply 
as pressure, and is measured in 
pounds per square inch. Thus, 

in the above example the pressure upon the bottom of the ves- 
sel is .866 pounds per square inch. The pressure exerted by 
a column of water is proportional to the height of the column. 
If the depth of water in the above vessel had been one foot in- 
stead of two, the pressure exerted upon the bottom would have 
been .433 pounds per square inch. Each foot height of water 
column adds .433 pounds per square inch to the pressure exerted 




Pig. 44. 
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upon the bottom of the vessel. A depth of three feet of water 
in the above vessel would exert a pressure of 

3X.433 = 1.299 lbs. per sq. in. 

upon the bottom of the vessel. One foot of water column exerts 
a pressure of .433 lb. per sq. in.; therefore to exert a pressure of 
one pound per square inch would require a colunm having a 
height of 

1 



.433 



= 2.31 ft. 



46. Atmospheric Pressure. — ^The earth is surrounded by a 
layer of air which is estimated to be about fifty miles thick. 
This air exerts a pressure, due to its weight, upon all objects 




Fig. 45. Weighing air. 

with which it comes in contact. Al sea level the pressure of the 
atmosphere amounts to about 14.7 poimds per square inch, but 
this varies with the amount of moisture in the air, since moist air 
is lighter than dry air. 

It may not have occurred to some that the atmosphere has 
weight, but that it has considerable weight may be shown by the 
following experiment. The glass globe shown in Fig. 45 is at- 
tached to an air pump and as much air pumped out of it as 
possible, after which the valve on it is closed and it is detached 
from the air pump. The globe, which now contains prac- 
tically no air, is placed on the scales and its weight noted. Next, 
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the valve on the globe is opened and air is allowed to enter. If 
the globe is weighed now it will be found to weigh considerably 
more than before, showing conclusively that the air has weight. 
In fact, it takes only about 13 cubic feet of air to weigh a pound. 
On this basis, the air contained in a large room would weigh more 
than a man could lift. 

The pressure of the atmosphere varies with the elevation above 
sea level. If the atmospheric pressure is measured at a point 
10,000 feet above sea level, it will be found to be only about 10 
pounds per square inch. The atmospheric pressure does not 
vary in exact proportion to the elevation or height of the column 
of air over the point at which the pressure is measured. In this 
respect it is different from the pressure produced by a column of 
water. The reason for this is that water is practically incom- 
pressible, while air is not. Each cubic foot of water in a column 
weighs practically the same, but in an air colunm the air at the 
bottom is compressed by that above, causing a given weight of 
it to occupy less space or to be more dense. In this way the 
air weighs less and less per cubic foot as the top of the column 
is approached, so the pressure of the air does not vary exactly 
with the height or elevation. Various elevations and the 
corresponding atmospheric pressures are shown in the following 
table: 





Atmospheric 


Eleyations 


pressure 




lb. per sq. in. 


Sea level 


14.7 


1,320 ft. 


14.02 


2,640 ft. 


13.33 


3,900 ft. 


12.66 


6,280 ft. 


12.02 


6,600 ft. 


11.42 


7,920 ft. 


10.88 


10,560 ft. 


9.88 



46. Vacuum. — A vacuum is a space in which there is no pres- 
sure, but the word is also commonly used to designate any pres- 
sure below that of the atmosphere or to designate the space in 
which such low pressure exists. It is impossible to produce a per- 
fect vacuum, but the pressure in a closed vessel may be reduced to 
a point closely approaching a perfect vacuum. The inside of 
an incandescent electric globe is almost a perfect vacuum, the 
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pressure being only about .000015 lb. per sq. in. ; but thia ia a higher 
degree of vacuum than is usually carried in engineering work. 
In such work pressures below .9 lb. per sq. in. are rarely used. 

In engineering work, vacuum is produced by means of an air 
pump which pumps the air from the space in which it is desired to 
maintain a vacuum. One form of air pump is shown in Fig. 46. 
It consists of a cylinder and piston, so designed that when the 
piston is at the end of its stroke there will be very little space 
between the piston and the cylinder head, or clearance space. 
A large clearance space here would greatly reduce the capacity 
of the pump, as the wr contained in this space must first expand 
before any more air can be taken into the cylinder. 




Fio, 46. Air pump. 

On the forward stroke of the piston a partial vacuum is 
produced behind it. Air from the space in which the vacuum is 
to be maintained then flows into the cylinder, and, upon the 
return of the piston, is compressed to atmospheric pressure and 
discharged through the spring controlled valve, B. At the end 
of the discharge stroke, the clearance space is filled with air at 
atmospheric pressure. In order to increase the capacity of the 
pump, the clearance space is connected for an instant with the 
other side of the piston through the valve 0, thus reducing the 
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pressure in the clearance space to that which exists on theother 
aide of the piston. 

47. The Barometer. — The pressure of the at- 
mosphere may be measured by an instrument 
called a barometer. A simple form of barometer 
may be made with a glass tube about 35 Inches 
long closed at one end and fiUed with mercury. 
The finger is held over the open end of the tube 
to prevent the mercury from spilling and the 
open end of the tube is then placed in a bowl 
of mercury, as shown in Fig. 47, and the finger 
removed from the end of the tube. The mer- 
cury in the tube will then stand at a height k 
above the mercury in the bowl. The space B 
in the top of the tube over the mercury is al- 
most a perfect vacuum, while full atmospheric 
pressure acts upon the surface of the mercury in 
the bowl; therefore the height k of the mer- 
cury in the tube will represent the pressure of 
the atmosphere. Since mercury weighs .4908 
pound per cubic inch, a pressure of 14.7 pounds 




tl 




Fia.48. U.S. 
Weather Bureau 
barometer. 
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per square inch will support a column of mercury 14.7 -^ .4908 
= 29.95 inches high. This, therefore, is the height h at which 
the mercury will stand in the tube shown in Fig. 47 if the aTtmos- 
pheric pressiu'e is 14.7 pounds per square inch. In round 
numbers the weight of a cubic inch of mercury may be taken as 
.49 and the height of mercury corresponding to 14.7 pounds per 
square inch as 30 inches. If the mercury tube shown in Fig. 
47 were placed on a mountain 10,000 feet above sea level, the 
mercury would stand at a height of 20.49 inches, showing that 
the atmospheric pressure is 20.49 X.49 = 10.04 lb. per sq. in. 

The simple form of barometer, shown in Fig. 47, is not suitable 
for accurate measurements because of the difficulty in measur- 
ing the distance between the level of mercury in the cup and 
in the tube. The barometer shown in Fig. 48, which is a Stand- 
ard U. S. Weather Bureau barometer, may be read very accu- 
rately, and is, therefore, suitable for refined measurements. 
In this barometer the height of the mercury in the cup may be 
adjusted so that its surface just touches a stationary needle 
point on the cup. This permits the surface of the mercury being 
brought always to the same height when the barometer is read. 
The top of the mercury column is fitted with an adjustable 
device which may be brought accurately into line with the sur- 
face of the mercury in the tube and which permits the height of 
the mercury column being read to one-ten thousandth of an inch. 

In the device shown in Fig. 47, the height h of the mercury 
column represents the difference in pressure between the closed 
end of the tube and that of the outside air. An apparatus con- 
structed on this principle and illustrated in Fig. 49 is sometimes 
used to indicate the amount of vacuimi in a closed space. In 
this device, a glass tube about 80 inches long, with both ends open, 
is bent into a U-shape, and is filled about half full of mercury. 
One branch of the glass U-tube is connected to the space in which 
the vacuum is to be measured, the other branch being left open 
to the atmosphere. As the pressure is reduced in one branch, 
the mercury will rise in that branch to a height A, corresponding 
to the difference in pressure on the surfaces of the mercury in the 
two tubes. The amount of the vacuum is usually expressed in 
inches of mercury or simple "inches," which is the difference in 
height of the two branches of the U-tube. Thus if the height 
A in Fig. 49, is 20 inches, the vacuum amounts to 20 inches of 
mercury, or is said to be "20 inches." It should be remembered 
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that the height of the mercury column indicates the reduction 
of pressure, and not the actiuil pressure existing in the space to 
vohicK the mercury column or gage is attached. A vacumn of 20 
inches means that the pressure has been reduced enough to sup- 
port a column of mercury 20 inches high. Since a column of 
mercury 1 inch high is equivalent to a pressure of .49 pounds 
per sq. in., 20 inches of vacuimi corresponds to a reduction of 
pressure of 20X.49 = 9.8 lbs. per sq. in. below atmospheric pres- 
sure. Before the pressure still existing in the space can be found. 




Fig. 49. 



it is necessary to know the pressure of the atmosphere. If the 
atmospheric pressure is 14.7 lb. per sq. in., a vacuum of 20 inches 
leavea a pressure of 14.7—9.8=4.9 lb. per sq. in. If the barom- 
eter, which measures the atmospheric pressure, reads 28 inches, 
then 20 inches of vacuum leaves a pressure of 28— 20 = 8 inches 
of mercury, or 8X.49=3.92 lb. per sq. in. 

It is seen from the above discussion that a statement to the 
effect that the vacuum carried by an apparatus is a certain num- 
ber of inches does not always mean the same thing. Thus, a 
vacuum of 22.5 inches at a place 5280 feet above sea level is as 
near a perfect vacuum as 28 inches at New York, which is at 
sea level. In the first mentioned place 24.5 inches would be a 
perfect vacuum, while at sea level 30 inches would be a perfect 
vacuum. 

48. Pressure Gages. — An ordinary form of gage for measuring 
pressures is shown in Fig. 50. This form of gage, which is called 
a Bourdon gage, contains a tube of oval cross-section bent into 
the arc of a circle. One end of the tube is fastened to the case 
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of the gage and the other end is free to move but is attached 
through small gears to a hand which moves over a dial in such 
manner that an outward movement of the end of the tube causes 
the hand to move over the dial in a clockwise direction. The 
free end of the tube is caused to move by the pressure inside it. 
Pressure apphed to the inside of a tube of oval cross-section 
tends to make its cross-section round, but, if the oval tube is 
bent into the arc of a circle, its cross-section cannot become 
round until the tube is straightened; hence, pressure applied to 




Fig. 60. PreBsurc gage. 

the inside of the oval tube in a pressure gage causes its free end 
to move outward, and this causes the hand to move over the dial 
of the gage. In the same way, a reduction of pressure inside the 
tube causes its free end to move in the opposite direction, or 
inward. 

49. Gage and Absolute Pressures, — Since, in a pressure gage, 
the pressure of the atmosphere acts upon the outside of the tube, 
while the pressure to be measured acts upon the inside, the gage 
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registers pressures above that of the atmosphere. Hence this 
pressure above atmosphere is called ''gage pressure." The 
true way to measure pressure is from an entire absence of 
pressure, or absolute zero of pressure. Pressure measured above 
the absolute zero of pressure, or above a perfect vacuum, is 
called absolute pressure. In engineering work two kinds of pres- 
sure are used, namely, gage pressure, which is the pressure 
indicated on an ordinary pressure gage, and absolute pressure, 
which is the pressure measured above a perfect vacuum. Usu- 
ally when a pressure is given without stating whether it is gage 
or absolute pressure, it is understood to be gage pressure. 

To change gage pressure into absolute pressure, add the pressure 
of the atmosphere to the gage pressure; conversely, to change from 
absolute to gage pressure subtract the pressure of the atmosphere 
from the absolute pressure. Since the pressure of the atmosphere 
is not the same at all places, a certain number of pounds per 
square inch, gage pressure, does not always mean the same 
absolute pressure. If the atmospheric pressure is not known, it 
is usually taken as 14.7 lb. per sq. in. 

Examples : 

1. What is the absolute pressure corresponding to 120 lb. per sq. in. gage 
pressure? 

Solution : 

120+14.7 = 134.7 lb. per sq. in. absolute pressure. 

2. Find the gage pressure corresponding to 150 lb. per sq. in. absolute 
pressure. 

Solution: 
150—14.7 = 135.3 lb. per sq. in. gage pressure. 

3. At a certain place the barometer reads 27.5 inches of merciuy and a 
steam gage on a boiler reads 90 lb. per sq. in. What is the absolute pressure 
of the steam in the boiler? 

Solution : 

The pressure of the atmosphere is 27.5 X. 49 = 13.475 lb., per sq. in. The 
absolute pressure of the steam in the boiler is therefore 90+13.475 = 103.475 
lb. per sq. in. 

60. Vacuum Gages. — Besides the U-tube mercury gage 
previously described, which may be used to measure either 
vacuum or a small pressure, other vacuum gages are made which 
are similar in construction to the Bourdon pressure gage de- 
scribed above, differing only in the manner of connecting the 
indicating hand to the end of the oval tube. It is desirable that 
the hand on a vacuum gage move in a clockwise direction, as 
with a pressure gage, but, as the hand is moved by a decrease in 
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pressure, which moves the end of the oval tube inward, the 
connection between the hand and the tube is the reverse of that 
used in a pressure gage. 

The dials of vacuum gages are usually marked to read in inches 
of mercury, although they may be obtained marked to read in 
pounds per square inch. It should be remembered that a 
vacuum gage indicates the reduction below atmospheric pressure, 
in the space to which it is attached, and does not indicate the 
absolute pressure existii^ in this space. 

Combined gages may also be 
obtained which indicate either 
pressure or a vacuum. Such 
gages usually have zero, which 
indicates atmospheric pressure, 
marked at the top of the dial, 
pressures in pounds per square 
inch marked to the right of this, 
and vacuum in inches of mei^ 
cury marked to the left. Such 
gages are constructed exactly 
like pressure gages, except that 
the zero point is placed further 
around on the scale. 

61. Heating at Constant 
Pressure. — It has been shown 
in previous chapters that the 
effect of applying heat to solids 
and liqmds, is, in general, an ex- 
pansion of these substances, and 
that the effect of taking heat 
away from them is a contraction. 

When gases are heated, the effects will depend upon whether 
the pressure of the gas is kept constant or whether the volume 
is kept constant. These two cases are considered separately, 
since the effects produced by heating are different. For studying 
the effects of heating a gas at constant pressure, we may imagine 
that the cylinder shown in Fig. 51 contains 2 cubic feet of air 
and that the temperature of the gas Is 32° F. The cylinder has a 
tightly fitting piston, the area of which is one square foot. Under 
these conditions the weight upon the gas is constant and there- 
fore it is under a constant pressure. 
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If heat is applied to the air in the cylinder, its temperature will 
rise and the gas will expand, pushing the piston upward. By 
measuring the temperature of the air and its volume as it expands, 
it will be found that when the temperature has reached 278** F., 
the piston will be at the position B, and the volume of the air will 
have increased from 2 cu. ft. to 3 cu. ft. If the heating is con- 
tinued imtil the temperatiu'e of the air is 524® F. the piston will 
be in the position C, and the volume of the air will be 4 cu. ft. 

If we tabulate the above results, showing the volimie of the 
air and its temperature, both on the Fahrenheit scale and on the 
absolute scale, we will have the following: 



Volume of air 
cu. ft. 


Fahrenheit 
temperature 


Absolute 
temperature 


2 
3 

4 


32 
278 
524 


492 
738 
984 



From this table it will be seen that the volume has increased 
in proportion to the absolute temperature, because 

2 492 

3 ""738 

and also 

2 492 

4 "984 

It should be noted that the volume is in proportion to the absolute 
temperature and not to the Fahrenheit temperature. This is to 
be expected, since the absolute scale of temperature starts at the 
real zero, while the Fahrenheit scale starts at an arbitrary point. 

Experiment shows that, under constant pressure, the volume of 
a gas varies directly as the ahsolvJte temperature for all ordinary 
temperatures and pressures. This law holds true for any gas 
which is not near the temperature at which it changes into a 
liquid. 

Since a gas expands when it is heated, a given volume, for 
example, a cubic foot of gas, weighs less when it is warm than 
when it is cold. Hence, heating a gas causes it to rise and it is 
for this reason that the warmest air in a room is found near the 
celling. It is for this reason, also, that heating a gas causes con- 
vection currents in it, since the heated gas rises, while the colder 
gas sinks to the bottom. The fact that a gas expands when it 
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IB heated accounts for the "draft" in a chimney. The hot gases 
leaving the fire in a Btove or furnace fill the chimney and this 
column of heated gases is lighter than that outside the chimney; 
hence, it rises, and in so doing draws oth^ and colder lur into 
the furnace. 

62. Heating at Constant Volume. — If, instead of the piston 
being free to move as in Fig. 51, the cylinder were arranged aa 
shown in Fig. 52, with the piston station- 
" \ ary, the volume of six would remain con- 
stant. If the air is heated under these 
conditions, its pressure will increase as its 
temperature rises. Starting with the same 
temperature and volume of gas as before, 
^E ' viz., 2 cu. ft, at a temperature of 32° F., 
~ : and assuming that the air is under atmos- 
' ; pheric pressure, or 14.7 lb. per sq. in., ab- 
solute, at the beginning, observe how the 
pressure increases with the absolute tem- 
perature. Before the air is heated its ab- 
solute temperature is 32° F., or 492° abso- 
lute, and its pressure 14.7 lb. per sq. in. 
When its temperature has been raised to 
278° F. or 738° absolute, its pressure will 
be 22.05 lb. per sq. in. and, when its tem- 
perature has been increased to 524° F. 
or 984° absolute, its pressure will be 29.4 
Fia. 62. lb. per sq. in. 

Tabulating these temperatures and pres- 
sures as in the case of healing under constant pressure will 
show the following results: 




Temperature 1 Temperature 1 Preaaure 
degrees, Fahr. { degrees, absolute { lb. per sq. in. 


32 
278 
524 


492 
738 
984 


14.70 
22.05 
29.40 


These results show that the pressure of the gas has increased 


in direct proportion to its absolute temperature, for: 
492 14.7 


738 22.05 




492 14.7 
984^29.4 
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It should be noted that the increase in pressure is in propor- 
tion to the absolute temperature and not to the temperature as 
measured on the Fahrenheit scale. 

Experiment shows that for all ordinary temperatures and 
pressures, the pressure of a gas under constarU volume varies 
directly as its absolute temperature, provided the gas is not near 
the temperature at which it changes into a liquid. 

In the foregoing discussion of the effects of heat upon gases 
no mention has been made of the weight of the gas, but the weight 
must be considered, because it exerts an influence upon the 
effects. 

In the case of heating under constant pressure, the initial 
volume of the gas depends upon its weight. In the experiment 
of heating under constant pressure, mentioned above, the 
cylinder contained 2 cu. ft. of gas which weighed a certain 
amount. If the cylinder contained 4 cu. ft. of gas at the same 
temperature and pressure, or just twice as great a volume, the 
gas would have weighed twice as much as before and it would 
have required twice as much heat to raise its temperature the 
same amount. 

In the case of heating under constant volume, the initial 
pressure of the gas in the cylinder depends upon the weight of 
the gas. If a certain weight of gas has a pressure 14.7 lb. per 
sq. in., the pressure of twice the weight would be 29.4, if the 
volume and temperature were the same as before. In this case, 
also, the amount of heat necessary to raise the temperature of 
the gas will depend upon its weight; twice the weight requiring 
twice as much heat to raise its temperature. 

QUESTIONS 

64. Explain the di£ference between pressure and vacuum, as these words 
are commonly used. 

66. A certain water wheel in Arizona is supplied with water from a reser- 
voir located 2100 ft. above the wheel. What is the pressure at the wheel? 

66. The vacuum gage on a condenser reads 22 inches. What is the pres- 
sure in the condenser? (Assume atmospheric pressure to be 14.7 lb. per 
sq. in.) 

67. What would be the pressure in the condenser mentioned in the pre- 
ceding problem if the atmospheric pressure was 28.5 in. of mercury? 

68. The pressure gage on a boiler reads 125 lb. per sq. in. The barometer 
reads 27.09 in. What is the absolute pressure of the steam in the boiler? 

59. An aviator reads his barometer before starting and finds it stands at 
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28.65 in. Whfle in his flight he reads the barometer and finds that it regis- 
ters 24.53 in. How high above the surface of the earth is he? 

60* The engineer of a power plant located 3960 ft. above sea level finds 
the vacuum gage on his condenser reads 22.48 in. The engineer of another 
power plant, located 2640 ft. above sea level, finds the vacuum gage on 
his condenser reads 25.67 in. Which of these two engineers is carrying the 
greater vacuum in his condenser? 

61* An automobile tire containing 2093 cu. in. of air is pumped up to a 
pressure of 60 lb. per sq. in. when the temperature is 60** F. What will be 
the pressure in the tire on a day when the temperature is 96^ F.? 

62* Explain how a chimney can create a dri^t. 

68* A warm air furnace has 8 warm air pipes leading from it, each 10 
inches in diameter. Air enters the bottom of the furnace at a temperature 
of 0^ F. and leaves the top of it at a temperature of 150^ F. What should be 
the diameter of the pipe supplying cold air to the furnace in order that the 
velocity of the air in the cold air pipe may be the same as the velocity in the 
warm air pipes? 



CHAPTER VII 

■ 

LAWS OF GASES 

* 

63. Equation of Gases. — Since the volume of a gas varies in 
proportion to the absolute temperature, the pressure being con- 
stant, and since the pressure varies in proportion to the absolute 
temperature, the volume being constant, the two combined will 
also vary in proportion to the absolute temperature. The rela- 
tion which exists between the pressure, volume, absolute tempera- 
ture, and weight of a gas may be expressed by the following 
formula: 



^ PV^WRT 



In this equation 



P = the absolute pressure of the gas in pounds per 

square foot (not pounds per square inch) 
y = volume of the gas in cubic feet 
IT = weight of the gas in pounds 
r=the absolute temperature of the gas 
72 = a constant, which depends upon the kind of gas 

In the above formula, PV represents the amount of energy 
in the gas. Since the common unit for expressing energy is the 
foot-pound, P must be expressed in pounds per square foot, and 
V in cubic feet in order to make their product foot-pounds. 

This is a very impqrtant equation in the study of gases, 
because it takes into account in one equation all of the things that 
may change, or are variable. The only variable quantities about 
a gas are the temperature, pressure, and volume, if we consider 
a constant weight of gas. The constant R is different for differ- 
ent gases, having the values shown in the following table: 

VALUES OF R 

Air 53.20 

Carbon dioxide 35 . 11 

Hydrogen 770.00 

Nitrogen 65.20 

Oxygen 48.20 
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If any four of the quantities in the above formula are known, 
the other one may be calculated, since the formula may be 
changed, as follows: ^ 

WRT 
^" V 

WRT 
^~ P 

PV 



r= 



/?= 



RT 

PV 
WR 

PV 
WT 



Examples : 

1. A cylindrical tank 8 ft. in diameter and 20 ft. long contains air at a 
pressure of 60 lb. per sq. in. absolute and at a temperature of 90^ F. What 
is the weight of the air in the tank? 

Solution : 
The volume of the air is 

.7854 X8«X20 = 1005 cu. ft. 

The pressure of the gas is 

60X144 = 8640 lb. per sq. ft. 

The absolute temperature is 

90+460=650 

. ,.. Txr Py 8640X1005 ^^^,^ 
The weight T7 = ^j.= 53.2-X-650 =2^^ ^^- 

2. It is desired to store 80 pounds of air in a cylinder 3 feet in diameter 
and 8 feet long. What must be the gage pressure in the tank if the air is 
pumped in at a temperature of 120** F? 

Solution : 

Volume of the tank = .7854X3^X8 =56.5 cu. ft. 
Absolute temperature of air = 120 +460 = 580** 

P = TFflr 50X63.2X680 „^ ^^ ,^ ., 

—y- = g^-g = 27,300 lb. per sq. ft. 

/ = ~i 44 - = 185.6 lb. per sq. in. absolute 

= 185.5—14.7 = 170.8 lb. per sq. in. gage pressure 

It will be noted that, in the above equations, it is necessary 
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to know four of the five quantities which appear in the equation. 
That is, only those problems can be solved by means of this 
equation in which but one quantity is unknown, and in which 
but two quantities vary. Cases are sometimes met, in dealing 
with gases, in which two of the five quantities change. This 
is the case in measuring illumination gas when used in the gas 
calorimeter described in Chapter IV. In this case, the heating 
value of the gas should be expressed by B.T.U. per cu. ft. measured 
at atmospheric pressure (30 inches of mercury) and at a tempera- 
ture of 60** F. When the volume of the gas is measured by a 
meter attached to the calorimeter, its pressure is usually more 
than 30 inches of mercury and its temperature may be more or 
less than 60® F. Hence, it is necessary to calculate the volume 
which the gas would occupy if its temperature was 60° F. and if 
it was under atmospheric pressure. 

This kind of problem may be solved by using two equations 
and combining them. One of these equation would be: 

P.Vi^WRTi 

in which the letters have the same meaning as before, the sub- 
script 1 b^ng used to indicate the condition of the gas before 
the change. The other equations would be: 

P2V2 = WRT2 

the subscript 2 indicating another condition of the gas after the 
change. If the first equation be divided by the second, it. will 
result in the equation 

PiVi WRTi 
PiVi^WRTi 

but, as W and R are the same in both cases, they may be omitted. 
The equation will then be 

PiVi Ti 
or 

Yt'P/^ft 

The method of using this equation may be illustrated by the 
following example: A city gas company located near the natural 
gas fields pays 25 cents per 1000 cubic feet of gas under the 

10 

0737-" > 



100 HEAT 

standard conditions of 14.7 lb. per sq. in. absolute pressure, and 
a temperature of 60° F. The gas is transmitted to it from the 
fields under a gage pressiu*e of 300 lb. per sq. in. and the meter 
at the receiving end of the pipe line measures the high-pressure 
gas. On a certain day the meter shows that the city company 
used 20,000 cu. ft. of gas, measured at an average temperature 
of 90° F. How much does the city owe for this amount of gas? 
The pressure of the gas as received is Pj =300+14.7 =314.7 lb. 
per sq. in. absolute pressure. Pi = 14.7 lb. per sq. in. absolute 
pressure. The temperature as received is 7^= 90+460 = 650** 
absolute and the standard temperature 71=60+460=620** 
absolute. The volume received is F2, 20,000 cu. ft. 

VrPiT'i 
Vi 314.7 520 



or 



20,000 U.7^550 
F. = 2M!^||36ii=404,809cu.ft. 

oUo.O 

404,809 ^^Q^^g^g thousands of cu. ft. 



1,000 

The city company therefore owes for this amount of gas 

$.25X404.809 = 1101.20 

* 64. Specific Heat of Gases. — As with solids and liquids, a 
certain amount of heat is absorbed in raising the temperature 
of a gas and, in cooling, a gas gives out a certain amount of heat. 
The amount of heat absorbed or given out by one pound of a gas 
when its temperature changes one degree is called its specific 
heat. However, a gas differs from a solid or a liquid in that its 
volume may be held constant while its temperature is being 
changed. In this case its pressiu'e changes. Or, the pressure of 
a gas may be held constant while its temperature is being changed. 
In this case its volume changes. It thus happens that any gas 
has two specific heats, a specific heat at constant volume and a 
specific heat at constant pressure. 

When a gas is heated while it is under a constant pressure two 
effects will be observed; first, an increase in temperatiu'e; and 
second, an increase in volume. Both of these effects are produced 
by the heat supplied to the gas and each of them requires a 
certain amount of heat. That part of the heat which increases 
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the temp^ature is utilized in causing the molecules of the gas 
to vibrate faster and that part which causes an increase in 
volume is utilized in doing external worlc. This external worlt 
consists in changing the volume of the gas against the pressure 
upon it and, since it is work, heat energy is required. 

The total number of heat units required to change the tem- 
perature of a gas under constant pressure may be calculated by 
the formula 

H = C^(tt-t)W 
in which Cp = specific heat of the gas at constant pressure 
fi = higher temperature 
t = lower temperature 
W= the weight of the gas in pounds 

This amount of heat includes both that required to change the 
temperature and that required to chaise the volume. 

When the temperature of a 
gas ia increased, heat is ab- 
sorbed by the gas, and when 
its temperature is lowered, 
the gas gives out heat, but the 
number of heat units trans- 
ferred will be the same in 
either case, provided the 
range in temperature is the 
same. Therefore, the above 
formula may be used to calcu- 
late either the amount of heat 
absorbed by a gas in raidng its temperature or the amount given 
up by a gas in lowering its temperature when the pressure re- 
muns constant. 

The change of volume of a gas heated at constant pressure is 
shown in Fig. 53. The original volume of the gas is indicated 
by the point a, while the point b indicates its volume after being 
heated. Expansion occurs with a constant pressure from a 
to 6, and the work performed during the expansion is shown by 
the shaded area. The work in foot pounds performed by the ' 
gas is equal to the change in volume, expressed in cubic feet, 
multiplied by the constant presBure, expressed in pounds per 
square foot, or 

Work=P(V,-Ki) 




102 HEAT 

in which "^2= larger volume of gas in cubic feet 
Fi = smaller volume of gas in cubic feet 
P = the constant pressure of the gas in lb. per eq. ft. 

If it is desired to express the work performed in terms of heat 
units it may be done by dividing by the mechanical equivalent 
of a heat imit, 778, thus: 

P(F2-7i) 



Work (inB.T.U.) = 



778 



It should be noted that the area under the expansion curve, in 
Fig. 53, shows only the external work performed by the gas in 
changing its volume from a to 6, and it does not show the amount 
of heat used in changing the temperature of the gas. 

When the temperature of a gas is changed while its volume 
remains constant no external work is performed and all of the 
heat supplied to the gas is used in changing its temperature. 
This amount of heat may be calculated by the formula 

in which Cv is the specific heat of the gas under constant volume, 
and the other letters have the same meaning as before. In 
heating under constant volume, the heat is used for no other 
purpose than to change the temperatiu'e, hence this formula may 
be used for calculating the amount of heat used in changing the 
temperature alone of a gas under any conditions. 

In heating a gas under constant pressure it has been shown that 
the total amount of heat absorbed is 

and also that the amount of heat used in performing external 
work is 

778 

The remainder of the heat is used in changing the temperatiu'e 
of the gas, and this amount of heat is 

Therefore the sum of the heat used in performing external work,- 

P{V2-Vi) 
778 
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and the heat tised in changing the temperature of the gas, 

C,(ti-t)W, 

is equal to the total amount of heat absorbed by the gas when 
it is heated at constant pressure, or 

t 

In changing the temperature of a gas under constant pressure, 
enough heat must be transferred to change not only the tempera- 
ture but also the volume of the gas, while in changing the tem- 
perature under constant volume, only enough heat is transferred 
to change the temperature alone. Hence, it follows that the 
specific heat of a gas under constant pressure, Cp^ will always be 
larger than its specific heat under constant volume C». The 
following table, which gives the specific heats of a few of the 
gases, shows this to be true. 

SPECIFIC HEATS OF GASES 



Gas 



Specific heat at 


Specific heat at 


constant volume 


constant pressure 


c. 


c. 


.1691 


.2375 


.1434 


.1886 


2.415 


3.406 


.173 


.244 


.1550 


.217 



Air 

Carbon dioxide. 

Hydrogen 

Nitrogen 

Oxygen 



In this table it will be noted that in every case the specific heat 
under constant pressure is larger than that under constant 
volume. The diflFerence is the amount of heat transferred in 
changing the volume alone of the gas; that is, the external work 
which the gas does in changing its volume und^ constant pressure. 

Examples: 

1. A closed air tank contains 50 pounds of air at a temperature of 40^ F. 
How many heat units will be required to raise its temperature to 120^ F.? 

Solution : 

The number of heat units required to raise the temperature of one pound 
of the air is 

H^Citi-O^AQn (120-40) 
= . 1691 X80 = 13 . 528 B.T.U. 

Therefore the number of heat units required to raise the temperature of 
50 pounds will be 

60X13.53=676.5 B.T.U. 
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2. How many heat units are required to change the temperatur«) of the 
air in the previous example if the air is under constant pressure instead of 
under constant volume? 

Solution : 

For one pound of air 

^ = Cp(/i-0 = .2375 (120-40) 
= .2375X80 = 19 B.T.U. 

For 50 pounds the heat required is 

50X19=950 B.T.U. 

With the data given in these examples, the amount of heat 
used in changing the volume of the air (the external work) may 
also be calculated. The amount of heat absorbed in changing 
the temperature of the air under constant volume is 950 B.T.U. 
which includes both the heat used in changing temperature and 
in performing external work. Since the amount of heat used in 
changing temperature is 676.4 B.T.U., the amount used in 
performing external work is 

950-676.4 = 273.6 B.T.U. 

and the number of foot-pounds of external work performed is 

273.6X778 = 212,861 ft.-lb. 

It is to be observed that the specific heats given in the table 
above are expressed in heat units. They may also be expressed 
in foot-pounds by multiplying them by 778, the number of foot- 
pounds in one heat unit. The value of the constant R in the 
equation 

PV = WRT 

is equal to the diflFerence between the specific heats at constant 
pressure and constant volume expressed in foot-pounds, or 

i2 = (Cp-C,) 778 

For example, R for air is equal to 

/e = (Cp-C,)778 = (.2375- .1691)778 
= .0684X778 = 53.21 

QUESTIONS 

64. Why is the specific heat of a gas at constant pressure greater than its 
specific heat at constant volume? 

66. What does the difference between the specific heats of a gas at con- 
stant pressure and at constant volume represent? 
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66. A balloon at sea level contains 1000 cu. ft. of hydrogen at a tempera- 
ture of 60° F.| what is the weight of the hydrogen in the balloon? 

67. What is the weight of air displaced by the balloon mentioned in Ques- 
tion 66? How many pounds could this balloon lift? 

68. A four cycle gas engine has a cylinder 12 in. in diameter, a stroke of 
15 in., and a clearance of 25 per cent. What weight of gas (mixture of gas 
and air) is taken into the cylinder during the suction stroke, the tempera- 
ture of the mixture being 100° F.? (Assume R for the mixture to be the 
same as for air.) 

69. If the pressure in the above engine is 180 lb. per sq. in. at the end of 
compression what is the resulting temperature? 

70. What will be the pressure of the gas after explosion if the mixture has 
a heating value of 60 B.T.U. per cu. ft.? (Assume specific heat to be same 
as for air.) 

71. In pumping water with an ordinary hand pump why is more force 
required at each stroke until water begins to flow? 

72. A diver descends 120 ft. below the surface of the water. What is 
the pressure to which he is subjected? 

78. A cubic foot of air escaping from the suit of the diver mentioned above 
has a temperature of 40° F. What will be its volume when it reaches the 
surface of the water? 

74. An automobile tire is pumped up to a pressure of 70 lb. per sq. in. at 
90° F. If it will burst at a pressure of 120 lb. pcx sq. in. to what temperature 
must it be heated before it will burst? 

76. The chimney on a power house is 100 ft. high and 6 ft. diameter 
inside. The average temperature of the gases inside is 350° F. What is 
the weight of the gases inside the chimney? (Use same value of R aa for 
air.) 

76. What is the weight of a volume of air outside the chimney equal to 
that of the volume of gases in the above chinmey, the air having a tempera- 
ture of 90° F.7 

77. What is the draft of the above chimney in ounces per sq. in., the draft 
being caused by the difference in weight at the bottom of the chimney of the 
air and hot gases? 



CHAPTER VIII 

CX)MPRESSION AND EXPANSION OF GASES 

66. Effects of Compression and Expansion upon Temperature. 

— When a gas is compressed there is always a tendency for its 
temperature to increase. The fact that a bicycle pump becomes 
hot while pumping air into a tire is a familiar example of this. 
On the other hand, there is a tendency for the temperature of 
a gas to decrease when it is expanded. In the case of the bicycle 
pump mentioned above it will be observed that the faster the 
pump is operated the hotter it will become, which shows that 
the time taken to compress a pump full of air exerts some influence 
upon the temperature of the compressed air. If it were desired 
to prevent any increase in temperature during compression, this 
result could be secured by operating the pump very slowly. In 
this case, any heat developed in the air during compression would 
have sufficient time to reach the walls of the pump and be given 
off to the atmosphere by radiation and conduction, and, since 
it is taken out of the compressed air, there would be no increase 
in temperature. If, on the other hand, the pump were made of 
a perfectly non-conducting substance so that none of the heat 
developed in the air during compression could leave it, all of it 
would remain in the air and produce the greatest increase in 
temperature which this amount of compression is capable of 
producing. The maximum increase in temperature would also 
be obtained by performing the. compression so quickly that none 
of the heat developed would have time to leave the air. 

It is thus seen that the increase in temperature produced by 
compressing air may vary from nothing to a maximum depending 
upon the conditions under which the compression is performed. 
If, by any means, the heat developed in the air during compres- 
sion is removed as fast as it is developed there will be no increase 
in temperature, but if, on the other hand, no heat is removed 
during compression, all of it will remain in the air and produce 
the maximum increase in temperature. Between these two 
extremes, the temperature of the air will increase any amount 

106 
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during compression depending upon the amount of heat removed 
from the air during compression. The above statements have 
referred only to air, but the same effects will be produced in any 
other gas. The same amount of compression under the same 
conditions may, however, produce in different gases a different 
increase in temperature, depending upon the nature of the gas. 

Since expansion is the reverse of compression the effects of 
expansion are opposite to those of compression. Compression 
increases the pressure and decreases the volume, while expansion 
reduces the pressure and increases the volume. The tempera- 
ture of a gas tends to increase during compression and to de- 
crease during expansion. Moreover, if compression and expansion 
occur under the same conditions the decrease in temperature 
during expansion will be the same as the increase during com- 
pression. Therefore, in discussing the effects of compression 
and expansion upon gases, it is necessary to mention the effects 
of only one of these operations. 

It has been shown above that the conditions under which a 
gas is compressed or expanded determine its increase or decrease 
of temperature. For the same amount of compression, that is, 
for the same decrease in volume, the increase of temperature 
is controlled by the amoimt of heat which escapes or is removed 
from the gas during compression. If all of the heat escapes 
as fast as it is developed there will be no increase of temperature, 
and if only a part of the heat developed escapes there will be 
some increase in temperature, but not as much increase as if 
no heat escaped. In all cases the increase in temperature will 
depend upon the decrease in the amount of heat in the gas. 

For the same decrease in volume during compression, the in- 
crease of pressure of the gas will depend upon the increase in 
temperature. If the conditions under which the gas is compressed 
are such as to produce a large increase in temperature, the in- 
crease in pressure will also be large; but if the conditions of com- 
pression are such as to produce a small increase in temperature, 
the increase in pressure will be less. This is illustrated by Fig. 
54 which shows the increase in pressure when 8 cubic feet of air 
is compressed until its volume is 2 cubic feet. This figure shows 
four separate compression lines and also shows the increase in 
pressure when air is compressed imder different conditions so 
as to produce different increases of temperature. In each case 
the pressure and temperature at the beginning of compression 
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is the same, but the temperature and therefore the pressure at 
the end of compression is different for the different curves. 

The compression line OA shows the increase in pressure when 
the air is compressed in such manner that there will be no increase 
of temperature, the temperature at the beginning and end of 
compression being 60° F. The second curve, OB, shows the 
increase in pressure when the air is compressed in such manner 
that its temperature at the end of compreewon will be 100" F., 
an increase of 40" during compression. The third comprea^on 
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line, OC, is for conditions under which the final temperature of 
the air is 300° F., an increase of 240° during compression. The 
fourth compression line, OD, is for the condition in which no 
heat escapes from the air durii^ compression, which causes 
the maximum increase in temperature for this amount of com- 
pression. In this case the final temperature of the air is 445° F., 
an increase of 385°. 

66. Isothermal Compression and Sxpansion. — It has been 
shown in Chapter VII that a gas may change as to pressure, 
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volume, and temperature, but that these always vary in such a 
way that, for one pound of gas, 

PV-^RT 

This formula may be rearranged into 

PV 

which shows that, since i2 is a constant quantity depending only 
upon the kind of gas, the pressure and volume multiplied together 
and divided by the absolute temperature is always a constant 
quantity, regardless of the way in which the pressure, volume, and 
temperature change with respect to each other. Therefore, 
when the compression is such as to maintain a constant tempera- 
ture, as illustrated by the line OA in Fig. 54, the relation between 
pressure and volume at the beginning and end of compression 
will be such that 

PlVl_P2V2 

in which Pi, Fi, and Ti represent the pressure, volume, and 
temperature of the gas at the beginning of compression and P2 
and Vi represent the pressure and volume of the gas at the end 
of compression. Referring to the compression line Oil, Fig. 54, 
it will be noted that the absolute temperature of the gas, both 
at the beginning and end of compression, is 520*^ (60° F.) ; there- 
fore the formula representing the change of pressure and volume 
during compression is 

PiVi^P^ 

620 620 
or, more simply, 

PiFi=PaF2 

In this case the pressure and volume at the beginning of com- 
pression are Pi = 15 lb. per sq. in. and Vi = 8 cu. ft. The volume 
at the end of compression is F2 = 2 cu. ft. 
Therefore the formula 

PlFi=P2F2 

becomes 

15X8=P2X2 

or the pressure at the end of compression is 

P2 = — 2 ~ ~ ^^ ^''^^ P^^ ®^* ^^' 
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When a gas is compressed or expanded in such manner that the 
temperature remains constant, the pressure and volume will 
vary so that the product obtained by multipl3ang them together 
will be a constant quantity for any point in the compression or 
expansion, that is, 

in which C is a constant quantity. In the case of the compres- 
sion line OA, Fig. 54, the product obtained by multiplying to- 
gether the pressure and volume at the beginning of compression is 

PV^C 
15X8 = 120 

and the product of pressure and volume at any other point on 
the curve is the same. Thus, when the volume has reached 
4 cu. ft. the pressure will be 30 lb. per sq. in., because 

4X30=120 

and when the volume has reached 2 cu. ft. the pressure will be 
60 lb. per sq. in., because 

2X60 = 120 

Example : 

In the above case, what will be the pressure of the air when the volume is 
6 cu. ft.? 

Solution : 

P7=C = 120 

„ C 120 _.„ 

P = y = -g- =20 lb. per sq. m. 

The kind of compression or expansion in which the temperature 
of the gas remains constant is called isothermal (meaning constant 
temperature) compression or expansion. The compression line 
Oil, Fig. 54, is for isothermal compression, since the temperature 
of the gas remains constant at 60° F. while it is being compressed 
from the point to the point A. 

The work performed during an isothermal compression or 
expansion is equal to the area under the compression or expansion 
line, as the area OAEF, Fig. 54. This work may be calculated 
by the formula 

F = 331.6PiFilogy^ 
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in which TT^work of compression or expansion, in foot-pounds 
Pi = absolute pressure at end of compression or be- 
ginning of expansion, in lb. per sq. in. 
Fi = volume at end of compression or banning of 

expansion in cu. ft. 
"^2 = volume at beginning of compression or end of 
expansion in cu. ft. 

log T7~ = log^itbm of (Vi-^Vi) 
y I 

Example: 

How much work is required to compress the air for which OA in Fig. 54 
is the compression line? 

Solution: 

Pi » pressure at begiDning of compression » 15 lb. per sq. in. 
Fj =8 cu. ft. 
Vi =2 cu. ft. 

-, PtVt 15X8 „,, 

Pi = —y — = —A — =60 lb. per sq. m. 

Vi ~2"* 

W =331.6PiFilog4 

= 331. 6X60X2X. 60206 
=23,967 ft. -lb. 

It will be observed from Fig. 64 that in the isothermal compres- 
sion of a gas the pressure and volume vary inversely with each 
other, i.e. J the pressure increases in the same proportion that the 
volimie decreases. When the pressure has doubled (30 lb. per 
sq. in.) the volume has become one-half (4 cu. ft.) and when the 
pressure has reached four times its original value (60 lb. per sq. 
in.) the volume has become one-fourth its original value (2 cu. ft.). 
It will be observed also that when the temperature of the gas 
increases during compression, the pressure increases faster than 
the volimie decreases. For example, the compression line OD, 
Fig. 64, shows that when the volume becomes one-half (4 cu. ft.) 
the pressure has increased to 39.6 lb. per sq. in., which is more 
than twice the original pressure (16 lb. per sq. in.). The reason 
for this is that, when the temperature increases during compres- 
sion, part of the heat developed during compression remains 
in the gas and serves to increase its pressure; hence, the greater 
the increase in temperature during compression the greater the 
increase in pressure for a given volume will be. The greater 
increase in pressure when there is an increase in temperature 
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during compreBsioD requires that more work be performed in 
compreswig a gas through a given range of volume than if 
there were no increase in temperature. This is plainly shown by 
Fig. 54. In each case of compression shown, the work per- 
formed in compressing the gas is indicated by the area under the 
compression line, and this area becomes larger with an increase in 
the final temperature of the gas. It will be further observed from 
Fig. 54 that an isothermal compression requires the least amount 
of work to compress through a given range of volume, hence this 
is the most ec6nomical kind of compression. This fact is of 
particular importance in the compression of air; and air com- 
pressors are designed to keep the air as cool as possible during 
compression. The most common means employed to secure this 
result is to surround the air compressing cylinder with a jacket 
through which cold water is circulated. 
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67. Compressing with Increase of Temperature. — While a 
water jacket surrounding a compressing cylinder serves to lower 
the final temperature of the air or other gas that b being com- 
pressed, it is impossible to prevent some increase in temperature, 
hence the study of compressions and expan^ons in which there 
is a change of temperature is important. 
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» 

In Fig. 64 the compression Knes OA, OBj OC, and OD show the 
relation between pressure and volume when air is compressed 
under various conditions but through the same range of volume, 
namely, from 8 cu. ft. to 2 cu. ft. In Fig. 55 the same lines are 
shown for the same conditions except that in each case the air is 
compressed through the same range of pressure. The line OA 
is for no increase in temperature and OD for the maximum increase 
in temperature. 

It will be observed from Fig. 55 that the greater the increase 
in temperature during compression the steeper the compression 
line will be; that is, the greater the increase in temperature the 
less the volume will change for a given change in pressure. When 
there is a change of temperature during compression or expansion, 
the relation between the pressure and the volume at any point is 
shown by the following formula: 

in which P= pressure of the gas, in lbs. per sq. in. 

V = corresponding volume, in cu. ft. 

C = a constant quantity 

n = a number varying with the kind of gas and the 
nature of the compression; that is, the extent to 
which heat is removed during compression 

The relations between pressure and volume, between pressure 
and temperature, and between volume and temperature for any 
two points on the compression or expansion line, when there is a 
change in temperature, is shown by the following ratios: 

P:Pi::Fi:F* 

1 1 
Fi:7::F»:Pi" " 

% n— 1 n— 1 

TiTiiiP ** :Pi "" 

In all of the above ratios the quantities P, V, and T refer to any 
single point on the compression or expansion line, and the quan- 
tities Pi, Fi, and Ti refer to any other single point. The tem- 
peratures T and Ti are the absolute temperatures and not the 
temi>erature as read on the Fahrenheit scale. The quantity 
n, as before, depends upon the kind of gas and the nature of 
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the compression or expansion, and it is the same quantity that 
appears in the formula 

The smallest value of n is 1, in which case the compression or 
expansion is isothermal. The value of n becomes larger when 
a smaller amount of heat is removed from the gas during com- 
pression, or when a smaller amount of heat is absorbed by a gas 
during expansion. Its greatest value is equal to the ratio of the 
specific heat of the gas at constant pressure to its specific heat 
at constant volume, or 

greatest value of n=yr 

The use of the ratios given above may be illustrated by the 
following example: 

Example : 

8 cu. ft. of air at 15 lb. per sq. in. pressure are compressed until the pres- 
sure is 60 lb. per sq. in. in such manner that n = 1 . 4. What will be the vol* 
ume of the air after compression? 

Solution : 

In this case the ratio 

1 1 
ViiV:: P": Pi" 

may be used. This ratio may be changed to read 



V \PJ 



1 

H 



or 



-©= 



Therefore 



V 


=8 cu. 


ft. 










p 

Px 

n 


= 15 lb. 
= 60 lb. 
= 1.4 


per sq. 
per sq. 


in. 
in. 








15\ 


1 

^* = 8 


,n .„« 


= 2. 


9 


cu. 


ft. 



It is necessary to use logarithms in making this calculation, the operation 
being as follows: 

Log. 8-f-. 7143 Log. i=Log. Vi 
.9031 -f- (.7143 X9,3974 - 10) = 
.9031 + (9.5696 - 10) = .4729 
Log. yi-.4729 
7i-2.9 
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68. Adiabatic Compression and Expansion. — When a gas is 
compressed or expanded in such manner that no heat can enter 
or leave it the compression or expansion is said to be adiabatic. 
In adiabatic compression, since no heat leaves the gas, all of the 
heat developed during compression remains in the gas and in- 
creases its temperature. The increase in temperature under this 
condition will be the greatest possible without the use of external 
heat. In adiabatic expansion, since no heat enters the gas, the 
work of expansion is performed by the heat stored in the gas and 
when this heat is turned into work the temperature of the gas 
decreases. Under this condition the decrease in temperature 
is the greatest possible. 

TVith adiabatic compression or expansion the pressure and 
volume vary in such manner that 

PV^ = C 

in which n has a value equal to the specific heat of the gas at 
constant pressure divided by its specific heat at constant volume, 
or 



For air the value of n is 






Cp .2375 



« 

For most practical problems relating to air a value of n=1.4 
may be used. Using this value of n, the above formula showing 
the relation between pressure and volume during an adiabatic 
compression or expansion of air becomes 

PV^'^=^C 

69. Work Performed. — ^In any case of compression or exp£in- 
sion the work performed is represented by the area under the 
compression or expansion line. When there is a change of tem- 
perature during compression or expansion the work performed 
may be calculated by the formula 



F = 144 



n-1 



in which Tr= Work of compression or expansion, in foot-pounds 

Pi = Pressure at end of compression or beginning of 

expansion, lb. per sq. in. 
11 
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Fi = Volume at end of compression or beginning of 

expansion, cu. ft. 
P2 = Pressure at beginning of compression or end of 

expansion, lb. per sq. in. 
1^2^ Volume at beginning of compression or end of 

expansion, cu. ft. 
n== Number depending upon kind of gas and character 

of the compression or expansion. 

In the above formula it will be noted that Pi and Pt are 
expressed in lb. per sq. in. Because of this it is necessary to use 
the factor 144 in order that W may be expressed in foot-pounds. 

Example : 

How much work must be performed upon 8 cu. ft. of air at 15 lb. per sq. 
in. pressure in order to compress it adiabatically until its volume is 2 cu. ft. 
(w = 1.4)? 

Solution : 

P = 15 

Fi=2 
In order to find the value of Pi use the ratio, given above, 
P : Pi : : Fi»» : y^ 



or 



P, =p(:^V=15 Qy'*=15X4*'* = 104.51b.per.sq.in. 



(Note: 4*-* is the same as 4 or V^ 4v« 



W -144- 



n-1 



«144 10<^.5X 2-15X8 209-120 

^^ 1.4-1 ^^^ .4 

= 144-^ =144X222. 6 = 31,040 ft. lb. 

An adiabatic compression gives the greatest increase in 
temperature and an isothermal compression gives the least in- 
crease. Between these two extremes the compression may be 
performed in such manner as to produce any increase in tempera- 
ture. The greater the increase in temperature, the faster the 
pressure increases in proportion to the decrease in volumei and 
the greater the value of the exponent n will be. 

In the compression of air it is desirable to prevent, as much 
as possible, an increase in temperature, and the compressing 
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cylinder is supplied with a water jacket for this purpose. This, 
however, produces but little cooling eflFect. The increase in 
temperature will vary somewhat with the kind of compressing 
cylinder and the speed of compression, varying in such way that 
the relation between pressure and volume will be from 

to 

This shows that the compression is beween isothermal and adia- 
batic, usually being nearer an adiabatic and producing considerable 
increase in temperature. After being compressed and discharged 
from the cylinder the temperature of the air decreases until it 
is the same as that of surrounding objects. This is particularly 
true when the compressed air is stored for any length of time or 
is transmitted through pipes for some distance. 

Compressed air is sometimes used to run engines or other 
machines in which the air is expanded. The expansion in these 
cases is such that the relation between pressure and volume is 
from 

to 

This gives an expansion line which is quite close to an adiabatic 
and results in a considerable decrease in temperature during 
expansion. One of the principal objections to the expansive 
use of compressed air is that the low temperatures produced by 
expansion cause moisture in the air to freeze and stop the exhaust 
ports and passages with frost. The temperature of the com- 
pressed air at the beginning of expansion will be but little above 
that of surrounding objects, perhaps not more than 100° F. If 
the expansion occurs through a considerable range of pressure, 
the decrease in temperature will be large and frost will be formed. 
One method of preventing the formation of frost is to pre-heat 
the air, that is, to pass it through a heater just before it enters 
the cylinder. By raising its temperature to about 300° or 350° 
F., which will be the temperature at the beginning of expansion, 
the temperature at the end of expansion will not fall below the 
freezing point. 

In a gas engine the cylinder is filled with a mixture of gas and 
aiTi called the charge, which is compressed as shown by the 
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compression line AB in Fig. 56. In this case an adiabatic com- 
pression would be desirable because this gives a high temperar 
ture of the charge at the end of compression, when the explosion 
or burning of the fuel occurs. The burning of the fuel occurs 
just at the end of the compression stroke and liberates a quantity 
of heat which increases the temperature of the gases in the 
cylinder. The heating at constant volume which occurs at this 
point is shown by the line BC in Fig. 56. The liberation of heat 
by the fuel produces a definite increase in temperature, hence 
if the temperature at the end of compression is high, the tem- 
perature of the gases at the beginning of expansion will also 
be high. This gives a high pressure at the beginning of the 




Fig. 56. Gas engine indicator diagram. 

expansion stroke and the gases are therefore capable of per- 
forming more work than if the compression pressure was lower. 
The expansion in a gas engine as shown by the line CD is 
usually very close to an adiabatic, as well as the compression 
line AB. 

Cylinders of gas engines are cooled by water jackets or other 
means, but, as with air compressor cylinders, the cooling has but 
little effect upon the gases in the cylinder, as the speed is high 
and the transmission of heat from gas to metal is slow. Since 
the temperatures developed in a gas engine are very high, cylinder 
cooling has the good effect, however, of preventing the cylinder 
from becoming too hot. 

QUESTIONS 

78. Explain the difference between isothermal and adiabatic expansion or 
compression of a gas. 

79. Why is there always a tendency for the temperature of a gas to rise 
during compression and to fall during expansion? 
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80. In compressing air, which requires more power; to compress it at 
constant temperature, or to allow the temperature to rise? Give the reasons 
for your answer. 

81. Why does the pressure rise faster for a given decrease of volume dur- 
ing adiabatic compression than during isothermal compression? 

82. An air compressor having a cylinder 24 in. in diameter, a stroke of 
30 in., and with 8 per cent, clearance compresses air to a gage pressure of 
70 lb. per sq. in. from atmospheric pressure (14.7 lb. per sq. in.)- What 
is the volume of compressed air at 70 lbs. gage discharged at each stroke? 
(Assume value of n =» 1.35.) 

83. If the air is taken into the cylinder of the above compressor at 
a temperature of 90^ F., what wiU be its temperature at the end of com- 
pression? 

84. How many foot-pounds of work are required to compress the air 
during a single stroke of the compressor mentioned in Question 82? 

85. The compressor mentioned in Question 82 is double acting and makes 
80 R.P.M. How many horse-power are required to compress and discharge 
the air at the discharge pressure? 

86. If the compressor mentioned in Question 82 had compressed the air 
isothermally, what volume of compressed air would it have discharged at 
each stroke? 

87. Compressed air at a pressure of 75 lb. per sq. in. gage and a tempera- 
ture of 100° F. is expanded adiabaticaUy until its pressure is 5 lb. per sq. in. 
gage. What will be its temperature at the end of expansion? 
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CHAPTER IX 
PROPERTIES OF STEAM AND OTHER VAPORS 

60. Steam. — Any of the gases which have been mentioned in 
preceding chapters may be changed into liquids if their tem- 
peratures are reduced low enough and they are placed under the 
proper pressure. Thus, at atmospheric pressure, air changes 
into a liquid at -313^ F., and hydrogen at -423° F. At ordi- 
nary temperatures these substances are very far removed from the 
point at which they liquefy. For this reason and because it is 
difficult to change them into liquids they are called permanent 
gases. Permanent gases follow the rules regarding pressure, 
volume, and temperature which have been considered in previous 
chapters, but if these gases were near the temperature at which 
they change into liquids, they would not follow these rules. 
When a substance in a gaseous condition is at or near the tem- 
perature at which it changes into a liquid it is called a vapor, 
and when it is far removed from this temperature it is called 
a gas. 

Steam is water vapor which has a temperature at or near that 
at which it changes into a liquid and for this reason the rules 
and formulas applying to gases do not apply to it. Steam has 
its own characteristics, or properties, and its own rules relating 
to pressure, volume, temperature, etc. 

61. Evaporation. — Steam is formed by applying heat to water 

and evaporating it. If we take an ordinary tea-kettle or pan 

containing water, and place it over a fire the temperature of the 

water will increase until it is somewhere near 212° F., when it 

will begin to boil and give oflf steam. After the water begins to 

boil, its temperature remains constant. If heat is applied faster 

to the water, it boils more violently and if heat is applied slower 

the water boils slower, but in either case its temperature does 

not change. If one thermometer is placed in the boiling water 

and another is placed in the steam above the water both will be 

found to register the same, showing that the steam and the 

water have the same temperature. 
13 121 
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In the case mentioned above, where the water is heated in a 
tea-kettle, the boiling water is under only atmospheric pressure, 
14.7 lb. per sq. in. absolute. If the water is boiled in a closed 
vessel under a pressure greater than that of the atmosphere, 
the water must be heated to a higher temperature than 212° F. 
before it will boil. On the other hand, if a pressure less than that 
of the atmosphere is maintained in the vessel by means of a 
vacuum pump, or otherwise, the water will boil at a lower tem- 
perature than 212° F. Experiment shows that for each pressure 
at which steam is formed there is a definite corresp>onding boil- 
ing temperature, and that the temperature of the steam is always 
the same as that of the boiling water. If the pressure is great 
the corresponding boiling temperature is high and if the pressure 
is low the corresponding boiling temperature is low. That is, 
for each different pressure under which steam is formed there 
will be a definite boiling temperature. 

The temperature of steam formed at any pressure cannot be 
increased as long as the steam is in contact with water. Any 
attempt to increase the temperature of the steam by applying 
more heat will only result in evaporating more water. The 
temperature of steam may, however, be increased if it is removed 
from the presence of water and heat applied to it. The tempera- 
ture of steam may also be changed if it is removed from the 
presence of water and its pressure changed. The temperature of 
the steam will then be the same as the boiling point corresponding 
to its new pressure. Thus, when steam is admitted to the 
cylinder of a steam engine it has a high pressure and a high 
temperature. When the steam is exhausted its pressure has 
been reduced by expansion and it will have a correspondingly 
low temperature. 

62, Heat of the Liquid. — ^Any substance which has a tempera- 
ture above absolute zero contains some heat, hence before the 
water is heated in the tea-kettle it already contains some heat 
and the process of changing it into steam is a process of adding 
more heat to that already in the water. In order to have a defi- 
nite point from which to calculate the amount of heat added to 
the water in forming steam, the freezing temperature of water, 
32° F., is chosen, and all quantities of heat added are calculated 
from this temperature. The amount of heat added to water, 
above 32° F. to form steam, is often called the heat contained 
in the steam or the total heat of the steam. It should be re- 
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membered, however, that this quantity is not all of the heat which 
the steam contains but is only the amount that has been added* 
above the starting point, 32° F. 

In the case of heating water in a tea-kettle, as mentioned above, 
it will be observed that the formation of steam consists of two 
distinct parts: first, heating the water to the boiling point; and 
second, after the water has reached the boiling point, supplying 
more heat to change it into steam. 

The quantity of heat that must be added to water to raise its 
temperature from 32° F. to the boiling point is called the heat of 
the liquid. Since the boiling temperature depends upon the pres- 
sure acting upon the water, the water having a different boiling 
temperature for each different pressure, there will also be a 
different heat of the liquid for each different pressure. Since 
one B.T.U. will raise the temperature of one pound of water one 
d^ree, the heat of the liquid will be equal, approximately, to the 
boiling temperature minus 32°. Thus, at atmospheric pressure 
(14.7 lb. per sq. in.) the boiling temperature is 212° F.; hence the 
heat of the liquid is 

212-32=180 B.T.U. per pound of water. 

This method of calculating the heat of the liquid gives only 
approximately correct results, because at some temperatures one 
B.T.U. will raise one pound of water more than one d^ree, and 
at other temperatures less than one degree. 

63. Latent Heat of Steam. — ^The heat that must be added to 
water after it has reached the boiling point, in order to turn it 
into steam, is called the latent heat. This part of the heat is 
called "latent" because it does not affect a thermometer, or 
change the temperature. Heat which affects a thermometer, 
or is sensible to the touch, is sometimes called "sensible" heat to 
distinguish it from "latent" heat which cannot be felt. In this 
sense, the heat of the liquid is sensible heat. 

Although the temperature of boiling water does not change, 
large quantities of heat must be added to change it into steam. 
The heat added at this time, called the latent heat, is several 
times as large as the heat of the liquid. Thus, at atmospheric 
pressure (14.7 lb. per sq. in.) the heat of the liquid is only 180 
B.T.U. per pound of water. The latent heat is 970.4 B.T.U. per 
pound of steam. The heat of the liquid is utilized in increasing 
the temperature of the water while the latent heat is utilized in 
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breaking down the attraction of the molecules of water for each 
other, thus changing it from water into steam, and also in 
expanding the water into steam against the pressure existing on 
the surface of the water. Since the amount of heat required to 
do each of these things is large, the latent heat is much larger 
than the heat of the liquid. 

64. Total Heat of Steam. — ^The total heat of steam is all of 
the heat required to heat water from 32° F. to the boiling point 
and then to change it into steam. It is therefore the simi of the 
heat of the liquid and the latent heat. If we denote the heat 
of the liquid of one pound of steam by h and the latent heat of 
one pound by L, then the total heat H, of one pound of steam, will 
be 

H = h+L 

It should be noted that the total heat of steam is measiired above 
32° F., for the same reason that the heat of the liquid is measured 
above this temperature. 

66. Steam Tables. — A great many problems relating to the 
use of steam make it necessary to know the exact amount of 
heat used in generating each pound of steam, and, in some cases, 
also the volume of the steam. All such quantities as these, 
including the temperature, heat of the liquid, latent heat, total 
heat, volume, and density, are called the "properties of steam. '* 
These quantities have been observed and recorded for our use by 
various scientists, and the results of their observations have been 
arranged in tables which we call, for short. Steam Tables. The 
quantities given in the steam tables are for one pound weight of 
water or steam; hence, in order to find the heat of the liquid, 
latent heat, total heat, or volume of any weight of steam it is 
necessary to multiply the quantity given in the steam table by 
the weight of water or steam. A steam table for the use of stu- 
dents in this course will be found at the end of this chapter. The 
steam tables should be studied very carefully, as anyone working 
problems relating to steam will be using them constantly, and 
considerable study is required to become proficient in their use. 

It will be noted that the steam table is headed " Properties of 
Dry Saturated Steam," and the question naturally arises. What 
is meant by saturated steam? By saturated steam is meant 
steam that is at the evaporating temperature corresponding to 
its pressure. As steam is formed in a boiler and rises from the 
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surface of the water, it is saturated and will remain so as long 
as it is in contact with water. So long as steam is in a boiler or in 
close conmiunication with water it cannot be otherwise than 
saturated steam. Any attempt to heat the steam to a higher 
temperature will fail as it will merely transmit the heat to the 
water and cause further evaporation. Steam may, however, be 
removed from the presence of water and heated to a higher 
temperature. It would then be superheated steam. Whenever 
steam is mentioned without any qualifying word, saturated steam 
is meant. If the steam is superheated, it is spoken of as super- 
heated steam. 

Saturated steam may be either dry or wet. Dry steam is as 
clear and transparent as air and is not visible. The steam which 
we see in the exhaust from an engine or rising from pipes on the 
roofs of buUdings is wet steam, and the visible part consists of 
small particles of water, or condensed steam. Do not get the idea 
that saturated steam necessarily means wet steam. Saturated 
steam may be perfectly dry. One may show this clearly by 
partially filling a small glass bottle with water and placing it, 
loosely corked, on a stove. When the water boils, no mist is 
seen such as we usually imagine to be the appearance of steam. 
The bottle will remain perfectly transparent just as if filled with 
air. Steam is visible only when it is wet and contains small 
particles of water suspended in it just as water is suspended in air 
during a fog. When a boiler is blown off, or when a whistle is 
blown, it will be noticed that the steam is not visible until it is 
about 3 or 4 inches from the end of the pipe where some of it has 
been condensed by the colder air. 

66. Pressure. — The properties of steam depend upon the 
absolute pressure under which it is formed; consequently the 
absolute pressure is the first item given in the steam tables. 
The pressure offers a certain resistance to the expansion of 
water into steam, and it is the amount of this resistance that 
determines the temperature of evaporation and other quantities. 

In case only the gage pressure is known, the steam table may 
be used by adding 14.7 lb. to the gage pressure in order to obtain 
the absolute pressure, and the absolute pressure obtained in this 
way used for finding quantities in the steam table. If, however, 
the barometer reading is known in addition to the gage pressure, it 
is best to determine the actual absolute pressure by adding the 
barometer pressure to the gage pressure. In finding properties 
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of steam at pressures below atmospheric, it is especially desirable 
to calculate the absolute pressure from barometer and vacuum 
gage readings. An example will show readily what a difference 
this may make: 

Suppose a vacuum gage on a condenser shows a vacuum of 27 
in. and we want to find the temperature at which the steam is 
condensing. Without knowing the barometer reading we would 
say that 

27 X. 4908 = 13.25 

and that at a vacuum of 13.25 lb. ( — 13.25 lb. gage), which corre- 
sponds to an absolute pressure of 1.45 lb. per sq. in., water boils 
or condenses at about 115°. This assumes that the barometer 
reading is 29.92 inches. 

Now, suppose that we first look at a barometer and find that 
it stands at only 28 in. Our condenser has more vacuum than we 
thought it had. The absolute pressure in the condenser is 

(28-27) X .4908 = .4908 lb. per sq. in. 

or not quite .5 lb. per sq. in. absolute, and we find that the tem- 
perature of the steam and water in the condenser is a little less 
than 79° F., instead of bemg 115°. 

67. Temperature of Evaporation. — The second column of the 
steam table gives the temperatures, t, at which water evaporates 
when under the absolute pressures given in the first column. 
These temperatures are also the temperatures of saturated steam 
at the given pressures, and are likewise the temperatures at which 
steam under the given pressures will condense. 

When water is heated in an open vessel under atmospheric 
pressure (14.7 lb. per sq. in. absolute) it boils at 212° F. If 
the pressure is reduced, the resistance to the formation of steam 
is diminished and boiling takes place at a lower temperature. 
For example, in a vacuum of 28 inches (.946 lb. per sq. in. abso- 
lute) water will boil at about 100° F., and, if the absolute pressure 
is reduced to .0886 lb. per sq. in., water will boil at 32° F., its 
freezing point under atmospheric pressure. On the other hand, 
if water is imder a pressure greater than that of the atmosphere, 
its temperature must be raised above 212° F. before it will boil. 
This is the condition which usually exists in a steam boiler. If 
the pressure in the boiler Is 144 lb. per sq. in. absolute (129.3 lb. 
gage), the temperature of both the water and the steam in the 
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boiler is 355.3° F. Since there is a different boiling temperature 
for each pressure, a thermometer placed in a boiler would serve 
as a pressure gage, but perhaps would not be as convenient for 
the fireman. 

It will b^ observed from the steam table that in all cases the 
boiling temperature increases as the pressure increases, and 
decreases as the pressure decreases. This fact may be illustrated 
by the following interesting experiment: A glass flask or bottle, 
as shown in Fig. 57, is partly filled with water and placed over 
a small gas flame, until the water boils. A tightly fitting stopper 
is then placed in the neck of the flask to prevent the escape of 
steam. The flask is then removed from the gas flame as shown 





Fig. 67. 



in Rg. 57. The temperature will fall rapidly below the boiling 
point, but if cold water is poured over the flask, the water will be- 
gin to boil vigorously. The cold water condenses the steam in 
the flask, thus lowering the pressure and enabling the water to 
boil at a temperature below 212° F. The boiling will stop, 
however, as soon as enough vapor has been formed to restore 
the pressure. The water may be caused to boil many times 
without additional heating by simply pouring on more cold water. 
It is interesting to know that at some places located at high 
altitudes it is difficult to cook foods by boiling because at these 
places the atmospheric pressure is much below 14.7 lb. per sq. in. 
and the temperature at which water boils is considerably below 
212° F. 
68. Heat of the Liquid. — The heat of the liquid. A, per pound 
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of water is given for various pressures in the third column of the 
steam table. Approximately, the value of the heat of the 
liquid per pound is the difference between the boiling tempera- 
ture and 32° F., since the specific heat of water is about one. 
Written as a formula * 

A = (<-32) 

in which h is the heat of the liquid and t is the boiling tempera- 
ture. For rough calculations this is close enough, but for accu- 
rate work the value of the heat of the liquid should be obtained 
from the steam table, since the specific heat of water is not 
exactly the same at all temperatures. It will be noted that the 
heat of the liquid at atmospheric pressure (14.7 lb. per sq. in.) 
as given in the steam table is 180 B.T.U., which is the same as 

212^-32°= 180'' 

At a pressure of 150 lb. per sq. in. the heat of the liquid is 330.2 
B.T.U., while the formula 

A = <-32 

gives a value of 

358.5-32 = 326.5 

or 5.7 B.T.U. less than its actual value. 

69. Latent Heat of Evaporation. — After water has been heated 
to the boiling point, more heat must be applied to change it 
into steam. This heat is called the latent heat of evaporation 
or simply the latent heat. The latent heat, L, for one pound of 
steam, which is the number of heat units that must be supplied 
to one pound of water at the boiling point to change it into steam, 
is given in the foiuiih column of the steam table. The whole 
amount of the latent heat will be absorbed only when the whole 
pound of water has been evaporated. When one-quarter of the 
latent heat has been absorbed, one-quarter of a pound of water 
will be changed into steam; when one-half of the latent heat has 
been absorbed, one-half of a pound of water will be changed into 
steam; and when the whole latent heat has been absorbed the 
whole pound of water will be changed into steam. 

Unlike the other properties of steam so far considered, the 
latent heat decreases as the pressure increases. At 32® F., the 
latent heat is 1073.4, the same as the total heat, since there is 
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no heat of the liquid if the water boils at this temperature. It 
seems ahnost incredible that steam can be formed at 32® F., the 
freezing point of water, but such is the case. It can be done, 
however, only in a very high vacuum (.0886 lb. per sq. in. absolute 
pressure), when the resistance to the expansion of water into 
steam is practically all removed. Under such conditions it is 
possible to have steam rising directly from a block of ice. At 
atmospheric pressure the latent heat per pound is 970. 4 B.T.U. 
and at 150 lb. per sq. in. absolute pressure it is 863.2 B.T.U. per 
pound, decreasing as the pressure increases. 

It must be firmly impressed on the mind that the addition of 
the latent heat of evaporation and the consequent change of 
water into steam has no effect on the temperature, the steam, 
when formed, being at the same temperature as the water. 

70. Total Heat. — The total heat, ff , required to form a pound 
of steam, is the sum of the heat of the liquid per pound and the 
latent heat per pound, or 

This quantity is given in the fifth column of the steam table. 

While the total heat increases as the pressure increases, the 
change is small for even a large change of pressure. There is 
a difference of only 43 B.T.U. between the total heat of steam 
at atmospheric pressure and at a pressure of 150 lb. per sq. in. 
absolute. The small increase in the total heat is due to the fact 
that the latent heat decreases and the heat of the liquid increases 
as the pressure increases. 

71. Volume. — ^The volume of steam as given in steam tables 
is the nimiber of cubic feet of space occupied by one pound of 
steam. Steam occupies much more space than the water from 
which it was formed. Thus one pound of water occupies a space 

of Xrt-j = .016 cu. ft. while one pound of steam at atmospheric 

26.79 = 
pressure occupies a space of 26.79 cu. ft. which is ^' 1674 

times the space which the water occupies. The volume of one 
pound of steam is given in the sixth column of the steam table, 
and it will be observed that this quantity decreases as the pres- 
sure increases. This is to be expected since a greater pressure 
compjesses any gaseous substance into a smaller space. 
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72. Density. — ^The density of steam is the weight of one cubic 
foot of it; it is therefore the reciprocal of the volume, or 

density = — \ 

•^ volume 

Some steam tables do not give both the density and volume, 
since they are so closely related. The densities of steam, as 
shown by the seventh column of the steam table, increase as the 
pressure increases. 

73. Interpolation from Tables. — Interpolation refers to the 
method of finding values between those given in the tables, as for 
example, finding the latent heat at 44i lb. per sq. in. pressure. 
The table gives L for 44 lb. and for 45 lb., but not for 44i lb., 
and we irUerpolcUe to get this value, which would be half way 
between 929.2 and 928.2, or just 928.7. Suppose we wish to 
find the heat of the liquid for 120 lb. gage pressure, which is 
120+14.7 = 134.7 lb. absolute. The table gives 134 lb. and 
135 lb., the corresponding values of h being 321.1 and 321.7. 
For 1 lb. change in pressure h changes .6. Now, 134.7 lb. is .7 
more than 134 lb., or .3 lb. less than 135 lb. We can, therefore, 
add .7 of .6 to 321.1, or subtract .3 of .6 from 321.7. Either way 
we get 321.52 as the value of h at 120 lb. gage pressure. 

In interpolating, remember that L and v decrease as the pres- 
sure increases, and that all other items in the table increase. For 
most calculations it is sufficiently accurate to take the nearest 
value given in the table without bothering to interpolate. 

74. Properties of Other Vapors. — The preceding parts of this 
chapter have dealt only with the properties of water and its vapor, 
steam. Other substances have properties similar in all respects 
to those of steam, except as to quantity. The most important 
of these substances are ammonia, carbon dioxide, and sulphur 
dioxide, and these substances are important because they are 
used in refrigeration and cold storage work. 

All of these substances act in a similar manner to water, exist- 
ing in the form of a Uquid under certain conditions of temperature 
and pressure, and in the form of a vapor under certain other con- 
ditions of temperature and pressure. With each of these sub- 
stances there is a definite boiling temperature for each different 
pressure. The relation between pressure and boiling temperature 
is important in substances used in refrigerating work because this 
relation determines their suitability for producing low tempera- 
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tures. For example, a temperature as low as 0° F. may be pro- 
duced with ammonia by reducing its pressure to about 30 lb. per 
sq. in. absolute. Low temperatures n^ay therefore be produced 
with ammonia without using pressures which are difficult to 
produce. Water, on the other hand, is not suitable for this 
purpose because a pressure of .0886 lb. per sq. in. absolute would 
have to be produced in order to obtain a temperature of only 32° 
F., and this low pressure would be extremely difficult to produce 
and maintain. The suitability of ammonia, carbon dioxide and 
sulphur dioxide will be considered more fully in Chapter XV on 
"Refrigeration." 

The refrigerating substances mentioned above also act in a 
similar manner to water when heat is applied to them. When 
they are in the form of liquids and are heated the temperature of 
the liquid first increases until the boiling point for that pressure 
is reached. Further heating causes boiling and the formation 
of vapor. While the substance is boiling, the temperature 
remains constant and the heat absorbed is in the form of latent 
heat of evaporation. The boiling point and heat of the liquid of 
these substances increase with the pressure while the latent heat 
and volume decrease. 

In refrigerating work the temperature and latent heat are the 
two most important properties, hence the tables giving the 
properties of ammonia, carbon dioxide, and sulphur dioxide give 
these quantities a prominent place. The latent heat of evapora- 
tion is important because, in refrigeration, heat is transferred by 
the alternate evaporation and condensation of the refrigerating 
medium and this involves the latent heat. 

The heat of the liquid is not given in some tables because the 
temperature at which the substance is used is often below 32° F., 
from which temperature the heat of the liquid is calculated, hence 
this would involve using a negative quantity. When it is desired 
to know the amount of heat used in heating or cooling the liquid, 
the range of temperature may be multiplied by the specific heat 
of the liquid, and this product used instead of the heat of the 
liquid. In problems relating to ammonia the specific heat of 
the liquid may be taken as 1.057. Ammonia is the most com- 
monly used refrigerating medium; hence its properties are given 
more fully than those for either carbon dioxide or sulphur dioxide. 



PROPERTIES OF SATURATED AMMONIA 

(Goodenough-Moaher) 



Absolute pressure, 
lb. per sq. in. 


Temperature, 
depees 


Latent beat of 
vaporization. 


Weight per cu. 

ft. of vapor 


Fahr. 


B.T.U. 


inpouodfl 


10 


-40.4 


602.2 


.0388 


14 


-28.9 


593.9 


.0533 


18 


-19.8 


687,2 


.0676 


22 


-12.2 


581.2 


.0815 


26 


- 5,7 


676.6 


.0953 


30 


.1 


572.1 


.1090 


34 


6.3 


668,1 


.1226 


38 


10.0 


664.4 


.1362 


42 


14.4 


660.9 


.1500 


46 


18.4 


557,6 


.1634 


m 


22.1 


554.6 


.1765 


54 


25.6 


651,7 


.1896 


60 


30.5 


547,7 


.2097 


64 


33.6 


645.1 


.2229 


68 


36.5 


542.6 


.2360 


72 


39,3 


640,3 


.2494 


76 


42.0 


537,9 


.2624 


80 


44.5 


635,8 


.2763 


64 


47,0 


533.6 


.2884 


88 


49,4 


531.5 


.3017 


92 


51.7 


539.6 


.3144 


96 


53.9 


537.5 


3278 


100 


56,0 


526.6 


.3408 


104 


58,1 


523.7 


.3535 


108 


60.1 


621.9 


.3667 


112 


63.1 


630.1 


.3798 


116 


64 


518.4 


.3927 


120 


G5.8 


616.7 


.4058 


124 


67.7 


616.0 


,4185 


12S 


69.5 


513.3 


.4316 


132 


71.2 


511,7 


.4447 


136 


72.9 


510,1 


,4577 


140 


74,5 


508.6 


.4708 


144 


78.2 


507.0 


.4835 


148 


77.7 


505,6 


.4063 


152 


79.3 


504.0 


.5092 


156 


80.8 


503.6 


.5220 


100 


82.3 


601.1 


.5353 


164 


83.8 


499.7 


.5483 


108 


85.3 


498.3 


.5609 


172 


86.0 


496,9 


.5738 


176 


88.0 


495,5 


.5869 


180 


89,4 


494,1 


.6000 


184 


90.7 


492,8 


.6135 


188 


92,1 


491,5 


.6266 


192 


93.4 


490.1 


.6395 


196 


04.6 


488,9 


.6524 


200 


95.9 




.6660 
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PROPERTIES OF SATURATED CARBON DIOXIDE 



Temperature, 


Absolute 


Heat of 


Latent heat 


Volume of 


degrees 


pressure, lb. 


liquid above 


of vaporiza- 


one pound. 


Fahr. 


per sq. in. 


32** F., B.T.U. 


tion, B.T.U. 


cu. ft. 


^4 


288.7 


-17.19 


117.6 


.312 


14 


385.4 


- 9.00 


110.7 


.229 


32 


503.5 


.00 


99.8 


.167 


50 


650.1 


10.28 


86.0 


.120 


68 


826.4 


23.08 


66.5 


.083 


86 


1040.0 


45.45 


27.1 


.048 


104 
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PROPERTIES OF SATURATED SULPHUR DIOXIDE 



Temperature, 


Absolute 


Heat of 


Latent heat 


Volume of 


degrees 


pressure, lb. 


liquid above 


of vaporiza- 


one pound 


Fahr. 


per sq. in. 


32° F., B.T.U. 


tion, B.T.U. 


cu. ft. 


-4 


9.27 


-11.16 


171.0 


8.06 


14 


14.75 


- 5.69 


168.2 


5.27 


32 


22.53 


.00 


164.2 


3.59 


50 


33.26 


5.90 


158.9 


2.44 


68 


47.61 


12.03 


152.5 


1.71 


86 


66.36 


18.34 


144.8 


1.22 


104 


90.30 


24.88 


135.9 


.88 
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PROPERTIES OF DRY SATURATED STEAM 

Reproduced by permission from "Steam Tables and Diagrams/' by L. S. 

Marks and H. N. Davis. 

(Copyright 1009 by Longmans, Green A Co.) 



1 


2 


3 


4 


5 


6 


7 


Absolute 


Temper- 


Heat of 


Latent heat 


Total 


Volume 


Density or 


pressure, 


ature, 


the liquid 


of evapora- 


heat per 


of 1 lb.. 


weight of 


lb. per 


degrees 


per lb., 


tion per lb., 


pound, 


cu. ft. 


1 cu. ft., 


sq. in. 


Fahr. 


B.T.U. 


B.T.U. 


B.T.U. 




lbs. 


P 


t 


h 


L 


H 


V 


d 


.0886 


32.0 


0.0 


1073.4 


1073.4 


329.4 


.000304 


1 


101.83 


69.8 


1034.6 


1104.4 


333.0 


.00300 


2 


126 . 15 


94.0 


1021.0 


1115.0 


173.5 


.00576 


3 


141.52 


109.4 


1012.3 


1121.6 


118.5 


.00845 


4 


153.01 


120.9 


1005.7 


1126.5 


90.5 


.01107 


5 


162.28 


130.1 


1000.3 


1130.5 


73.33 


.01364 


6 


170.06 


137.9 


995.8 


1133.7 


61.89 


.01616 


7 


176 . 85 


144.7 


991.8 


1136.6 


53.56 


.01867 


8 


182.86 


150.8 


988.2 


1139.0 


47.27 


.02115 


9 


188.27 


156.2 


985.0 


1141.1 


42.36 


.02361 


10 


193.22 


161.1 


982.0 


1143.1 


38.38 


.02606 


11 


197.75 


165.7 


979.2 


1144.9 


35.10 


.02849 


12 


201.96 


169.9 


976.6 


1146.5 


32.36 


.03090 


13 


205.87 


173.8 


974.2 


1148.0 


30.03 


.03330 


14 


209.55 


177.5 


971.9 


1149.4 


28.02 


.03569 


14.7 


212.00 


180.0 


970.4 


1150.4 


26.79 


.03732 


15 


213.0 


181.0 


969.7 


1150.7 


26.27 


.03806 


16 


216.3 


184.4 


967.6 


1152.0 


24.79 


.04042 


17 


219.4 


187.5 


965.6 


1153.1 


23.38 


.04277 


18 


222.4 


190.5 


963.7 


1154.2 


22.16 


.04512 


19 


225.2 


193.4 


961.8 


1155.2 


21.07 


.04746 


20 


228.0 


196.1 


960.0 


1156.2 


20.08 


.04980 


21 


230.6 


198.8 


958.3 


1157.1 


19.18 


.05213 


22 


233.1 


201.3 


956.7 


1158.0 


18.37 


.05445 


23 


235.5 


203.8 


955.1 


1158.8 


17.62 


.05676 


24 


237.8 


206.1 


953.5 


1159.6 


16.93 


.05907 


25 


240.1 


208.4 


952.0 


1160.4 


16.30 


.0614 


26 


242.2 


210.6 


950.6 


1161.2 


15.72 


.0636 


27 


244.4 


212.7 


949.2 


1161.9 


15.18 


.0659 


28 


246.4 


214.8 


947.8 


1162.6 


14.67 


.0682 


29 


248.4 


216.8 


946.4 


1163.2 


14.19 


.0705 
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1 


2 


3 


4 


5 


6 


7 


Absolute 


Temper- 


Heat of 


Tifttent heat 


Total 


Volume 


Density 


pressure, 


ature, 


the liquid 


of evapora- 


heat per 


of 1 lb.. 


or weight 


lb. per 


degrees 


per lb., 


tion per lb., 


lb., 


cu. ft. 


of 1 cu. 


sq. in. 


Fahr. 


B.T.U. 


B.T.U. 


B.T.U. 




ft., lbs. 


P 


t 


h 


L 


H 


V 


d 


30 


250.3 


218.8 


945.1 


1163.9 


13.74 


.0728 


31 


252.2 


220.7 


943.8 


1164.5 


13.32 


.0751 


32 


254.1 


222.6 


942.5 


1165.1 


12.93 


.0773 


33 


255.8 


224.4 


941.3 


1165.7 


12.57 


.0795 


34 


257.6 


226.2 


940.1 


1166.3 


12.22 


.0818 


35 


259.3 


227.9 


938.9 


1166.8 


11.89 


.0841 


36 


261.0 


229.6 


937.7 


1167.3 


11.58 


.0863 


37 


262.6 


231.3 


936.6 


1167.8 


11.29 


.0886 


38 


264.2 


232.9 


935.5 


1168.4 


11.01 


.0908 


39 


265.8 


234.5 


934.4 


1168.9 


10.74 


.0931 


40 


267.3 


236.1 


933.3 


1169.4 


10.49 


.0953 


41 


268.7 


237.6 


932.2 


1169.8 


10.25 


.0976 


42 


270.2 


239.1 


931.2 


1170.3 


10.02 


.0998 


43 


271.7 


240.5 


930.2 


1170.7 


9.80 


.1020 


44 


273.1 


242.0 


929.2 


1171.2 


9.59 


.1043 


45 


274.5 


243.4 


928.2 


1171.6 


9.39 


.1065 


46 


275.8 


244.8 


927.2 


1172.0 


9.20 


.1087 


47 


277.2 


246.1 


926.3 


1172.4 


9.02 


.1109 


48 


278.5 


247.5 


925.3 


1172.8 


8.84 


.1131 


49 


279.8 


248.8 


924.4 


1173.2 


8.67 


.1153 


50 


281.0 


250.1 


923.5 


1173.6 


8.51 


.1175 


51 


282.3 


251.4 


922.6 


1174.0 


8.35 


.1197 


52 


283.5 


252.6 


921.7 


1174.3 


8.20 


.1219 


53 


284.7 


253.9 


920.8 


1174.7 


8.05 


.1241 


54 


285.9 


255.1 


919.9 


1175.0 


7.91 


.1263 


55 


287.1 


256.3 


919.0 


1175.4 


7.78 


.1285 


56 


288.2 


257.6 


918.2 


1175.7 


7.65 


.1307 


57 


289.4 


258.7 


917.4 


1176.0 


7.52 


.1329 


58 


290.5 


259.8 


916.5 


1176.4 


7.40 


.1350 


59 


291.6 


261.0 


915.7 


1176.7 


7.28 


.1372 


60 


292.7 


262.1 


914.9 


1177.0 


7.17 


.1394 


61 


293.8 


263.2 


914.1 


1177.3 


7.06 


.1416 


62 


294.9 


264.3 


913.3 


1177.6 


6.95 


.1438 


63 


295.9 


265.4 


912.5 


1177.9 


6.85 


.1460 


64 


297.0 


266.4 


911.8 


1178.2 


6.75 


.1482 
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1 


2 


3 


4 


5 


6 


7 


Absolute 


Temper- 


Heat of 


Latent heat 


Total 


Volume 


Density 


pressure, 


ature, 


the liquid 


of evapora- 


heat per 


of 1 lb., 


or weight 


lb. per 


degrees 


per lb. 


tion per lb., 


lb.. 


cu. ft. 


of one cu. 


sq. in. 


Fahr. 


B.T.U. 


B.T.U. 


B.T.U. 




ft., lbs 


V 


t 


h 


L 


H 


V 


d 


65 


298.0 


267.5 


911.0 


1178.5 


6.65 


.1503 


66 


299.0 


268.5 


910.2 


1178.8 


6.56 


.1525 


67 


300.0 


269.6 


909.5 


1179.0 


6.47 


.1547 


68 


301.0 


270.6 


908.7 


1179.3 


6.38 


.1669 


69 


302.0 


271.6 


908.0 


1179.6 


6.29 


.1690 


70 


302.9 


272.6 


907.2 


1179.8 


6.20 


.1612 


71 


303.9 


273.6 


906.5 


1180.1 


6.12 


.1634 


72 


304.8 


274.5 


905.8 


1180.4 


6.04 


.1656 


73 


306.8 


275.5 


905.1 


1180.6 


5.96 


.1678 


74 


306.7 


276.5 


901.4 


1180.9 


5.89 


.1699 


75 


307.6 


277.4 


903.7 


1181.1 


5.81 


.1721 


76 


308.5 


278.3 


903.0 


1181.4 


5.74 


.1743 


77 


309.4 


279.3 


902.3 


1181.6 


6.67 


.1764 


78 


310.3 


280.2 


901.7 


1181.8 


6.60 


.1786 


79 


311.2 


281.1 


901.0 


1182.1 


6.54 


.1808 


80 


312.0 


282.0 


900.3 


1182.3 


6.47 


.1829 


81 


312.9 


282.9 


899.7 


1182.5 


5.41 


.1851 


82 


313.8 


283.8 


899.0 


1182.8 


5.34 


.1873 


83 


314.6 


284.6 


898.4 


1183.0 


5.28 


.1894 


84 


315.4 


285.5 


897.7 


1183.2 


5.22 


.1915 


85 


316.3 


286.3 


897.1 


1183.4 


5.16 


.1937 


86 


317.1 


287.2 


896.4 


1183.6 


5.10 


.1959 


87 


317.9 


288.0 


895.8 


1183.8 


5.05 


.1980 


88 


318.7 


288.9 


895.2 


1184.0 


6.00 


.2001 


89 


319.5 


289.7 


894.6 


1184.2 


4.94 


.2023 


90 


320.3 


290.5 


893.9 


1184.4 


4.89 


.2044 


91 


321.1 


291.3 


893.3 


1184.6 


4.84 


.2065 


92 


321.8 


292.1 


892.7 


1184.8 


4.79 


.2087 


93 


322.6 


292.9 


892.1 


1185.0 


4.74 


.2109 


94 


323.4 


293.7 


891.5 


1185.2 


4.69 


.2130 


95 


324.1 


294.5 


890.9 


1185.4 


4.65 


.2151 


96 


324.9 


295.3 


890.3 


1185.6 


4.60 


.2172 


97 


325.6 


296.1 


889.7 


1185.8 


4.56 


.2193 


98 


326.4 


296.8 


889.2 


1186.0 


4.51 


.2215 


99 


327.1 


297.6 


888.6 


1186.2 


4.47 


.2237 
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1 


2 


3 


4 


5 


6 


7 


Absolute 


Temper- 


Heat of 


Latent heat 


Total 


Volume 


Density 


precnure, 


ature, 


the liquid 


of evapora- 


heat per 


of 1 lb.. 


or weight 


lb. per 


degrees 


per lb., 


tion per lb., 


lb., 


cu. ft. 


of one cu. 


sq. Id. 


Fahr. 


B.T.U. 


B.T.U. 


B.T.U. 




ft., lbs. 


P 


t 


h 


L 


H 


V 


d 


100 


327.8 


298.3 


888.0 


1186.3 


4.429 


.2258 


101 


328.6 


299.1 


887.4 


1186.5 


4.388 


.2279 


102 


329.3 


299.8 


886.9 


1186.7 


4.347 


.2300 


103 


330.0 


300.6 


886.3 


1186.9 


4.307 


.2322 


104 


330.7 


301.3 


885.8 


1187.0 


4.268 


.2343 


105 


331.4 


302.0 


885.2 


1187.2 


4.230 


.2365 


106 


332.0 


302.7 


884.7 . 


1187.4 


4.192 


.2336 


107 


332.7 


303.4 


884.1 


1187.5 


4.155 


.2408 


108 


333.4 


304.1 


883.6 


1187.7 


4.118 


.2429 


109 


334.1 


304.8 


883.0 


1187.9 


4.082 


.2450 


110 


334.8 


305.5 


882.5 


1188.0 


4.047 


.2472 


111 


335.4 


306.2 


881.9 


1188.2 


4.012 


.2593 


112 


336.1 


306.9 


881.4 


1188.4 


3.978 


.2514 


113 


336.8 


307.6 


880.9 


1188.5 


3.945 


.2535 


114 


337.4 


308.3 


880.4 


1188.7 


3.912 


.2556 


115 


338.1 


309.0 


879.8 


1188.8 


3.880 


.2577 


116 


338.7 


309.6 


879.3 


1189.0 


3.848 


.2599 


117 


339.4 


310.3 


878.8 


1189.1 


3.817 


.2620 


118 


340.0 


311.0 


878.3 


1189.3 


3.786 


.2641 


119 


340.6 


311.6 


877.8 


1189.4 


3.756 


.2662 


120 


341.3 


312.3 


877.2 


1189.6 


3.726 


.2683 


121 


341.9 


313.0 


876.7 


1189.7 


3.697 


.2706 


122 


342.5 


313.6 


876.2 


1189.8 


3.668 


.2726 


123 


343.2 


314.3 


875.7 


1190.0 


3.639 


.2748 


124 


343.8 


314.9 


875.2 


1190.1 


3.611 


.2769 


125 


344.4 


315.5 


874.7 


1190.3 


3.583 


.2791 


126 


345.0 


316.2 


874.2 


1190.4 


3.556 


.2812 


127 


345.6 


316.8 


873.8 


1190.5 


3.530 


.2833 


128 


346.2 


317.4 


873.3 


1190.7 


3.504 


.2854 


129 


346.8 


318.0 


872.8 


1190.8 


3.478 


.2875 


130 


347.4 


318.6 


872.3 


1191.0 


3.452 


.2897 


131 


348.0 


319.3 


871.8 


1191.1 


3.427 


.2918 


132 


348.5 


319.9 


871.3 


1191.2 


3.402 


.2939 


133 


349.1 


320.5 


870.9 


1191.3 


3.378 


.2960 


134 


349.7 


321.1 


870.4 


1191.5 


3.354 


.2981 
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1 


2 


3 


4 


5 


6 


7 


Absolute 


Temper- 


Heat of 


I/atent heat 


Total 


Vohime 


Density 


pressure, 


ature, 


the liquid 


of evapora- 


heat per 


of 1 lb., 


or weight 


lb. per 


degrees 


per lb.. 


tion per lb.. 


lb.. 


cu. ft. 


of one cu. 


sq. in. 


Fahr. 


B.T.U. 


B.T.U. 


B.T.U. 




ft., lbs. 


P 


t 


h 


L 


H 


V 


d 


135 


350.3 


321.7 


869.9 


1191.6 


3.331 


.3002 


136 


350.8 


322.3 


869.4 


1191.7 


3.308 


.3023 


137 


351.4 


322.8 


869.0 


1191.8 


3.285 


.3044 


138 


352.0 


323.4 


868.5 


1192.0 


3.263 


.3065 


139 


352.5 


324.0 


868.1 


1192.1 


3.241 


.3086 


140 


353.1 


324.6 


867.6 


1192.2 


3.219 


.3107 


141 


353.6 


325.2 


867.2 


1192.3 


3.197 


.3129 


142 


354.2 


325.8 


866.7 


1192.5 


3.175 


.3150 


143 


354.7 


326.3 


866.3 


1192.6 


3.154 


.3171 


144 


355.3 


326.9 


865.8 


1192.7 


3.133 


.3192 


145 


355.8 


327.4 


865.4 


1192.8 


3.112 


.3213 


146 


356.3 


328.0 


864.9 


1192.9 


3.092 


.3234 


147 


356.9 


328.6 


864.5 


1193.0 


3.072 


.3255 


148 


357.4 


329.1 


864.0 


1193.2 


3.052 


.3276 


149 


357.9 


329.7 


863.6 


1193.3 


3.033 


.3297 


150 


358.5 


330.2 


863.2 


1193.4 


3.012 


.3320 


151 


359.0 


330.8 


862.7 


1193.5 


2.993 


.3341 


152 


359.5 


331.4 


862.3 


1193.6 


2.974 


.3362 


153 


360.0 


331.9 


861.8 


1193.7 


2.956 


.3383 


154 


360.5 


332.4 


861.4 


1193.8 


2.938 


.3404 


155 


361.0 


332.9 


861.0 


1194.0 


2.920 


.3426 


156 


361.6 


333.5 


860.6 


1194.1 


2.902 


.3446 


157 


362.1 


334.0 


860.1 


1194.2 


2.885 


.3467 


158 


362.6 


334.6 


859.7 


1194.3 


2.868 


.3488 


159 


363.1 


335.0 


859.3 


1194.4 


2.851 


.3508 


160 


363.6 


335.6 


858.8 


1194.5 


2.834 


.3529 


161 


364.1 


336.2 


858.4 


1194.6 


2.818 


.3549 


162 


364.6 


336.7 


858.0 


1194.7 


2.801 


.3570 


163 


365.1 


337.2 


857.6 


1194.8 


2.785 


.3591 


164 


365.6 


337.7 


857.2 


1194.9 


2.769 


.3612 


165 


366.0 


338.2 


856.8 


1195.0 


2.753 


.3633 


166 


366.5 


338.7 


856.4 


1195.1 


2.737 


.3654 


167 


367.0 


339.2 


855.9 


1195.2 


2.721 


.3676 


168 


367.5 


339.7 


855.5 


1195.3 


2.706 


.3696 


169 


368.0 


340.2 


855.1 


1195.4 


2.690 


.3717 
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1 


2 


3 


4 


5 


6 


7 


Absolute 


Temper- 


Heat of 


Latent heat 


Total 


Volume of 


Density 


pressure, 


ature, 


the liquid 


of evapora- 


heat per 


lib.. 


or weight 


lb. per 


degrees 


per lb., 


tion per lb., 


lb.. 


cu. ft. 


of onecu. 


sq. in. 


Fahr. 


B.T.U. 


B.T.U. 


B.T.U. 




ft., lbs. 


P 


t 


h 


L 


H 


V 


d 


170 


368.5 


340.7 


854.7 


1195.4 


2.675 


.3738 


171 


368.9 


341.2 


854.3 


1195.5 


2.660 


.3759 


172 


369.4 


341.7 


853.9 


1195.6 


2.645 


.3780 


173 


369.9 


342.2 


853.5 


1195.7 


2.631 


.3801 


174 


370.4 


342.7 


853.1 


1195.8 


2.616 


.3822 


175 


370.8 


343.2 


852.7 


1195.9 


2.602 


.3843 


176 


371.3 


343.7 


852.3 


1196.0 


2.588 


.3864 


177 


371.7 


344 . 2 


851.9 


1196.1 


2.574 


.3885 


178 


372.2 


344.7 


851.5 


1196.2 


2.560 


.3906 


179 


372.7 


345.2 


851.2 


1196.3 


2.547 


.3927 


180 


373.1 


345.6 


850.8 


1196.4 


2.533 


.3948 


181 


373.6 


346.1 


850.4 


1196.5 


2.520 


.3969 


182 


374.0 


346.6 


850.0 


1196.6 


2.507 


.3989 


183 


374 . 5 


347.1 


849.6 


1196.7 


2.494 


.4010 


184 


374.9 


347.6 


849.2 


1196.8 


2.481 


.4031 


185 


375.4 


348.0 


848.8 


1196.8 


2.468 


.4052 


186 


375.8 


348.5 


848.4 


1196.9 


2.455 


.4073 


187 


376.3 


349.0 


848.0 


1197.0 


2.443 


.4094 


188 


376.7 


349.4 


847.7 


1197.1 


2.430 


.4115 


189 


377.2 


349.9 


847.3 

• 


1197.2 


2.418 


.4136 


190 


377.6 


350.4 


846.9 


1197.3 


2.406 


.4157 


191 


378.0^ 


350.8 


846.5 


1197.3 


2.393 


.4178 


192 


378.5 


351.3 


846.1 


1197.4 


2.381 


.4199 


193 


378.9 


351.7 


845.8 


1197.5 


2.369 


.4220 


194 


379.3 


352.2 


845.4 


1197.6 


2.358 


.4241 


195 


379.8 


352.7 


845.0 


1197.7 


2.346 


.4262 


196 


380.2 


353.1 


844.7 


1197.8 


2 . 335 


.4283 


197 


380.6 


353.6 


844.3 


1197.8 


2.323 


.4304 


198 


381.0 


354.0 


843.9 


1197.9 


2.312 


.4325 


199 


381.4 


354.4 


843.6 


1198.0 


2.301 


.4346 


200 


381.9 


354.9 


843.2 


1198.1 


2.290 


.437 


205 


384.0 


357.1 


841.4 


1198.5 


2.237 


.447 


210 


386.0 


359.2 


839.6 


1198.8 


2.187 


.457 


215 


388.0 


361.4 


837.9 


1199.2 


2.138 


.468 


220 


389.9 


363.4 


836.2 


1199.6 


2.091 


.478 



140 



HEAT 



1 


2 


3 


4 


6 


6 


7 


Absolute 


Temper- 


Heat of 


Latent heat 


Total 


Volume of 


Density 


pressure, 


ature, 


tbe liquid 


of evapora- 


heat per 


lib., 


or weight 


lb. per 


degrees 


per lb.. 


tion per lb., 


lb.. 


cu. ft. 


of one cu. 


sq. in. 


Fahr. 


B.T.U. 


B.T.U. 


B.T.U. 




ft., lbs. 


V 


t 


h 


L 


H 


V 


d 


225 


391.9 


365.5 


834.4 


1199.9 


2.046 


.489 


230 


393.8 


367.5 


832.8 


1200.2 


2.004 


.499 


235 


395.6 


369.4 


831.1 


1200.6 


1.964 


.509 


240 


397.4 


371.4 


829.5 


1200.9 


1.924 


.520 


245 


399.3 


373.3 


827.9 


1201.2 


1.887 


.530 


250 


401.1 


375.2 


826.3 


1201.5 


1.850 


.541 


260 


404.5 


378.9 


823.1 


1202.1 


1.782 


.561 


270 


407.9 


382.5 


820.1 


1202 . 6 


1.718 


.582 


280 


411.2 


386.0 


817.1 


1203.1 


1.658 


.603 


290 


414.4 


389.4 


814.2 


1203.6 


1.602 


.624 


300 


417.5 


392.7 


811.3 


1204.1 


1.551 


.645 



QUESTIONS 

88. What is the difference between saturated and superheated steam? 

89. What is meant by the heat of the liquid of steam? What is meant 
by the latent heat? 

90. It is said that eggs cannot be hard-boiled on top of Pikes' Peak, which 
is about 14,000 feet above sea level. Explain. 

91. A steam boiler carries a pressure of 120 lb. per sq. in. absolute and 
water enters it at a temperature of 100*^. How many heat units are expended 
in heating each pound of water from this temperature to the boiling point? 

92. A boiler horse-power is defined as the evaporation of 34} pounds of 
water per hour at 212^ F. How many heat units are required to develop 
one boiler horse-power? 

93. How many foot-pounds is one boiler horse-power equivalent to? 

94. A number of years ago a boiler horse-power was defined as the evapora- 
tion of 30 pounds of water per hour at a temperature of 100^ F. into steam at 
70 lb. gage pressure. How much difference is there between the horse-power 
defined in this way and as defined in Question 92? 

95. A boiler carrying 150 lb. per sq. in. absolute pressure receives its feed 
water at a temperature of 190'' F. This boiler is fired with coal having a 
heating value of 13,000 B.T.U. per pound and 9 pounds of water are eviH^O" 
rated for each pound of coal fired. What per cent, of the heat energy in 
the coal goes into steam? 

96. If a certain kind of coal has a heating value of 12,500 B.T.U. per 
pound and contains 6% of moisture what per cent, of the heat energy in 
the coal must be utilized in evaporating the moisture? (Assume tempera- 
ture of coal as 60** F.) 

97. A boiler carrying 120 lb. per sq. in. gage pressure receives feed water 
at 140^ F. and generates 8 lb. of steam per pound of coal fired, the coal having 
a heating value of 12,000 B.T.U. If this coal costs 12.50 per ton of 2000 
lbs., find the cost of generating 1000 pounds of steam. 



CHAPTER X 

CX>NDENSATION AND EVAPORATION 

76. Condensation. — Condensation is the opposite of evapora- 
tion. In evaporation, a liquid is changed into a vapor; in con- 
densation, a vapor is changed into a liquid. A liquid absorbs 
heat in evaporating; a vapor gives up heat in condensing to a 
liquid. The amount of heat and the temperatures involved in 
both cases are the same for the same pressures, the only difference 
being that evaporation is a result of heating, while condensation 
is a result of cooling. 

It is customary to consider condensation as referring to steam, 
but it should be remembered that other substances such as ammo- 
nia, carbon dioxide, and sulphur dioxide act in a similar manner, 
the only difference being that for the same pressures, the tempera- 
tures and quantities of heat transferred are different. 

The boiling point of water at atmospheric pressure is 212°F. 
If one pound of water at a temperature of 212° F., and at atmos- 
pheric pressure, be supplied with 970.4 B.T.U. (its latent heat) 
it will change into steam having a temperature of 212° F. If 
the pound of steam thus formed is cooled so that 970.4 B.T.U. 
are taken from it, it will change back into water, or will con- 
dense, and the water resulting from the condensation will have a 
temperature of 212° F. The process of condensation refers only 
to the change of vapor into liquid and, therefore, the heat of the 
liquid is not involved. If the liquid resulting from condensation 
is cooled, the quantity of heat taken from it will just equal the 
amount supplied in heating it through the same range of temper- 
ature, provided there is no loss of heat in either case. 

The only quantity of heat involved in condensation is the 
latent heat of vaporization, the latent heat being absorbed when a 
vapor changes into a liquid. Moreover, the whole pound of 
vapor will be condensed only when the whole latent heat of one 
pound is extracted from the vapor. In the example mentioned 
above, if only one-half of the latent heat (485.2 B.T.U.) is 
extracted from the steam only one-half of a pound of it will 
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condense, and if onJy one-quarter of the latent heat (247.6 B.T.U.) 
is extracted only one-quarter of a pound of it will condense. 

Any saturated vapor such as steam has the same temperature 
as the boiling liquid from which it is formed; hence any attempt 
to cool it will result in taking heat from the vapor and the con- 
densation of a portion of it, but will not aflFect its temperature 
imless the pressure is changed. If, however, the vapor is taken 
away from the presence of the liquid from which it is formed and 
its pressure changed, its temperature will also change; hence it 
will condense at the boiling point corresponding to the new pres- 
sure. To illustrate this, suppose saturated steam enters the 
cylinder of a steam engine at an absolute pressure of 125 lb. per 
sq. in. Its temperature will then be 344.4° F. and if it comes in 
contact with any surfaces at a lower temperature than this some 
of it will condense, the water resulting from the condensation 
having a temperature of 344.4° F. As the pressure of the steam 
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Fio. 58. Steam condenser. 



is reduced by expansion its temperature is also reduced. Suppose 
the pressure at the end of expansion is 20 lb. per sq. in. absolute, 
its temperature will then be 228° F., and it may be condensed by 
bringing it in contact with surfaces having a lower temperature. 
The water resulting from its condensation at 20 lb. per sq. in. will 
have a temperature of 228° F., the same temperature as the steam 
at this pressure. 

In engineering work steam (or any other vapor), is condensed by 
passing it into vessels such as shown in Fig. 58, in which it comes 
in contact with the surface of pipes through which comparatively 
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cold water is circulating. The water absorbs heat from the steam 
and condenses it and by maintaining a flow of water the cooling 
surfaces are prevented from becoming hot. An apparatus for 
condensing vapors is called a condenser. Condensers for steam 
are sometimes arranged so that water is sprayed into the steam as 
it enters the condenser, thus cooling and condensing it. This 
mixes the condensed steam with the condensing water however, 
which, in some cases, may be undesirable. 

A vapor, especially at low pressures, occupies many times more 
space than the liquid from which it was formed; hence, when the 
vapor is condensed, the space which it occupied is left vacant and 
a high degree of vacuum is produced. In steam power plants 
the exhaust steam is passed into condensers where a partial 
vacuum is maintained by its condensation. This reduces the 
back pressure on the piston and permits the engine to develop 
more power. The vacuum will be more complete the faster the 
steam is condensed. If the steam is not condensed as fast as it 
is supplied to the condenser, the accumulation of steam increases 
the pressure in the condenser and destroys the vacuum. 

The degree of vacuum produced by a condensor will depend 
upon the amount of condensing water supplied and upon its tem- 
perature. The absorption of the latent heat of the steam by the 
condensing water increases its temperature. Therefore suflScient 
water must be supplied so that its temperature will not increase 
to that of the steam because, if it did, the steam would not be 
condensed. 

76. Evaporation by Reduced Pressure. — In the preceding 
chapter an experiment was described which shows that water may 
be boiled without the application of heat by reducing the pressure 
upon the siu*face of the water. In this experiment an open flask 
containing water is heated until the water boils, after which it is 
tightly corked and removed from the gas jet used in heating it. 
As soon as the flask is removed from the gas jet, boiling ceases. 
If now cold water be poiu^ed over the flask the water in the flask 
begins to boil violently. The explanation of this peculiar action 
of the water in the flask is as follows: — The space above the 
WAter is filled with steam. The water is at the same temperature 
as the boiling point corresponding to the pressure of the steam. 
Pouring cold water on the outside of the flask condenses the 
steam and reduces the pressiu^e inside the flask. This lowers the 
boiling point below the actual temperature of the water, thus 
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causing the water to boil. The boiling will continue until the 
steam formed raises the pressure to that corresponding to the 
temperature of the water. This may be made plain by using 
figures for the pressures and temperatures involved. Suppose 
that when the flask is removed from the flame the pressure of the 
steam is 15 lb. per sq. in. absolute. The temperature of the water 
will be 213° F. Suppose further that when cold water is poured 
on the flask, the condensation of the steam reduces the pressure in 
the flask to 2 lb. per sq. in. The boiling temperature correspond- 
ing to this pressure is 126.15° F. The water in the flask, having 
a temperature of 213° F. will be considerably above the boiling 
point, hence will boil violently until the pressure in the flask is 
increased. 

An amount of heat equal to the latent heat must always be 
absorbed when water changes into steam; hence, in the above ex- 
periment there must be a supply of heat to enable the water to 
boil. In this case the latent heat required when the water boils 
is absorbed from the water itself, which has a temperature con- 
siderably above the boiling point and is therefore capable of giv- 
ing up some heat, but, of course, taking heat from the water 
lowers its temperature, so that its temperature will not be as high 
after boiling occurs as it was before. In all cases, an amount of 
heat equal to the latent heat must be absorbed from some source 
before boiling can occur and unless this amount of heat is avail- 
able, either from the liquid or from some outside source, boiling 
cannot occur, even though the pressure be reduced. 

In the above discussion only the action of water has been con- 
sidered, but the results woidd be the same if other liquids such as 
ammonia, carbon dioxide, or sulphur dioxide were used instead 
of water, the only difference being that the temperatures, pres- 
sures, and amounts of heat involved would be different. 

The fact that reducing the pressure upon a liquid produces a 
tendency to boil or evaporate, and that, when boiling occurs, 
large amounts of heat are absorbed, thereby cooling the substance 
which supplies the heat, forms the basis of certain systems of re- 
frigeration or cooling. The most important system of refrigera- 
tion based on these principles uses ammonia as the working sub- 
stance, since the relations of temperature, pressure, and latent 
heat for this substance are better adapted to the purpose than 
those of other substances. 

The method of producing refrigerating effect by the evaporation 
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of ammoiiia is illustrated diagramtnatically in Fig. 59. In this 
illustration B represents a tank filled with water which is to be 
cooled, and which has immersed in it a coil of pipe C which is open 
at one end. A is a steel tank containing liquid ammonia under 
pressure and i> is a valve to control the Sow of ammonia. Sup- 
pose the anamonia in the tank A is under a absolute pressure of 
180 lb. per sq. in. and, from being stored in a room, is at room 
temperature, about 70° F. It will then be in the form of a liquid 
because the actual temperature of the ammonia is below the boil- 
ing point for 180 lb. pressure. The valve D is now opened and the 
liquid ammonia allowed to flow into the coil. Aa the coil is open 
to the atmosphere, the liquid ammonia in the coil will be under 
about atmospheric pressure, say 16 lb. per sq. in., for which 
pressure the boiling point of the ammonia is about 25° F. below 
zero, Aa the actual temperature of the ammonia is considerably 
above this {about 70° F.) the ammonia will immediately be^n 
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to boil provided it can absorb heat. The ammonia absorbs heat 
from the water surrounding the coil, which is at a higher tem- 
perature than the boiling point of the ammonia, and this lowers 
the temperature of the water. Aa fast as the ammonia can absorb 
heat from the water it vaporizes and escapes into the atmosphere. 
The apparatus shown in Fig, 59 makes up a complete refrigerat- 
ing system as far as producing low temperatures is concerned. 
The waste of ammonia vapor into the atmosphere by this system 
would be objectionable because ammonia is expensive; hence 
there is included in refrigerating systems an apparatus whose 
object is to collect the ammonia vapor, compress and condense it, 
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and return it to the tank A. Refrigerating systems will be more 
fully treated in Chapter XV. 

77. Wet Steam. — When heat is applied slowly to a vessel con- 
taining water, the temperature of the water increases slowly until 
it reaches the boiling point. Small bubbles of steam then b^in 
to form on the surface of the vessel at the points where heat is 
passing into the water. These small steam bubbles are lighter 
than the water surrounding them, hence they are detached from 
the surface of the vessel and rise to the surface of the water. Near 
the surface of the water they are under less pressure than when at 
the bottom of the vessel, therefore they expand as they rise 
through the water and in expanding displace more water, which 
causes them to rise faster and fastei'. If the heating is done 
slowly the bubbles of steam formed will be small and, when they 
become detached, will rise to the surface slowly. Upon reaching 
the surface, the bubbles burst and empty their steam into the 
space above the surface of the water. Steam formed in this 
manner will be dry saturated steam. 

If, on the other hand, heat is supplied to the water so rapidly 
as to cause it to boil violently, the steam bubbles formed on the 
heating surface will be large and when they become detached will 
rise to the surface more rapidly. As the steam bubbles reach the 
surface they burst violently and the water which forms the film 
around them is thrown into the steam space in the form of very 
small particles of water. These particles of water are so small and 
light that they remain suspended in the mass of steam Mid cause 
it to be wet. Thus a boiler may form either dry or wet steam 
depending upon the rate at which the steam is formed. 

The importance of a large disengagement siuf ace for the steam 
may now be imderstood. If the disengagement surface is small 
in proportion to the amount of steam formed, a great many steam 
bubbles will burst in a small area, keeping the surface of the water 
in violent commotion and causing more of it to be thrown into 
the steam. But if the disengagement area is large, a smaller 
number of steam bubbles will burst in a given area and the siuf ace 
of the water will not be disturbed very much. 

The moisture which is suspended in wet steam is not in the 
form of vapor since it* has not been evaporated, but it still exists 
in the form of water which is at the temperature of the steam. 
Wet steam is thus composed of two parts, one of saturated steam 
and the other of water. 
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That part of wet steam which is in the form of water has re- 
ceived only enough heat to raise its temperature to the boiling 
point. K its temperature was originally 32°, it has, therefore, 
received the "heat of the liquid." That part of the wet steam 
which is in the form of saturated vapor or steam has received 
not only enough heat to raise its temperature to the boiling point, 
but also enough to evaporate it. If the water from which it was 
formed was originally at 32°, it contains the "total heat" as 
given in the steam table. 

To illustrate the way in which the heat contained in wet steam 
is divided between the moisture and the steam, consider one 
pound of wet steam formed under a pressure of 120 lbs. per sq. in. 
absolute, and suppose the pound of wet steam to consist of y or 
.2 of a pound of moisture and ^ or .8 of a pound of saturated steam. 
The .2 of a poimd of moisture has received enough heat to raise 
its temperature to the boiling point. If its original temperature 
was 32°, each pound has received 312.3 B.T.U. which is the heat 
of the liquid corresponding to a pressure of 120 lbs. per sq. in. 
absolute. The .2 of a pound of moisture will, therefore, contain 
.2X311.9 = 62.46 B.T.U. The .8 of a pound of saturated steam 
has received not only enough heat to bring it to the boiUng point 
but also enough to evaporate it. The amount of heat required 
to bring it to the boiling point is .8X312.3 = 249.84 B.T.U. and 
the amount required to evaporate it will be .8 of the latent heat 
of one pound or .8X877.2 = 701.76 B.T.U. Therefore, the one 
pound of wet steam contains 62.46+249.84+701.76 = 1014.06 
B.T.U. 

"Since the whole pound of water must be heated to the boiling 
point while only a fraction of the poimd has to receive the latent 
heat of evaporation, the above calculations may be combined 
into the following formula 

Hy, = h+qL 

in which H„ is the number of B.T.U. in a pound of wet steam 

h is the heat of the liquid 
L is the latent heat of evaporation 
and q is the fraction of the whole pound which is dry 

saturated steam 
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Appl3ring this formula to the above problem 

^«=312.3+(.8X877.2) 

=312.3+701.76 = 1014.06 B.T.U. 
which is the same result as obtained befwe. 

Comparing the amount of heat contained in a pound of the 
wet steam specified above with that contained in a pound ci dry 
steam we see that the wet steam contains only 1014.06 B.T.U. 
while, if it had been dry, it would contain 1189.6 B.T.U. In 
other words, the wet steam contains 175.54 less heat units than 
the dry steam, and the more moisture there is suspended in steam 
the fewer heat units each pound of the mixture will contain. 

Since a pound of wet steam contains less heat than a pound of 
dry steam, there is a disadvantage in operating a boiler in such 
manner as to produce wet steam, because a greater weight of 
steam must be handled in order to transfer a certain number of 
heat units from the boiler to the engines. This involves larger 
apparatus and the handling of more feed water. If the amount 
of moisture in the steam becomes excessive, or the boiler primes, 
there is danger of flooding the engine cylinder and of damaging 
the piping by water hammer. 

78. Quality of Steam. — The factor q in the above formula for 
finding the heat contained in wet steam is called the qualUy 
factor. The quality of steam (sometimes called the dryness of the 
steam) is the portion of the total weight of steam which is in the 
form of steam or vapor, as distinguished from that portion which 
is in the form of moisture. The quality is expressed as a per cent 
of the total weight. Thus in the example given above the quality 
or dryness, g, is .80 or 80%. If one-half of the pound of steam 
had been water, the other half being in the form of steam, the 
quality would have been .50 or 50%, and if the steam had con- 
tained \ water and \ steam its quality would have been .75 or 
75%. If the steam had been perfectly dry, all of it would have 
been in the form of vapor or steam and its quality would, there- 
fore, have been 1.00 or 100%. The wetness of steam is 100 per 
cent, minus the per cent, of dryness or 100— g. 

In applying the quality factor to the heat contained in steam it 
should be remembered that the quality does not apply to the total 
heat as given in the steam table hut only to the latent heat. The heat 
of the liquid is the same whether the steam is wet or dry but the 
latent heat in a pound of steam will be less if the steam is wet than 
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if it is dry. For this reason the formula for the heat in a pound of 
wet steam must take the form 

H, = {h+qL) 

79. Steam Calorimeters.— The quality of steam-may be meas- 
ured by means of an instrument called a steam calorimeter. 
There are two forms of steam 
calorimeters called respectively 
the Separating Calorimeter and 
the Throttling Calorimeter. 

80. Separating Calorimeters, ^• ^ - '^n .j 
— The separating calorimeter 
shown in cross-section in Fig. 
60 separates the water from the 
steam mechanically, collecting 
the wat^ at one place and allow- 
ing the steam, now free of mois- 
ture, to pass off at another. 
Since water is heavier than an 
equal volume of steam, if the di- 
rection in which a mixture of 
steam and water is flowing is 
suddenly changed, the particles 
of water will be thrown out of 
the steam. The water, being 
heavy, tends to continue in a 
straight line while the steam, 
being lighter, can have its direo- 
tionof flowchangedmorereadily. i 
This principle is made use of in ' 
the separating calorimeter. 

The body of the separating ^ 
calorimeter consists of a double- ^° ^ 8eparatu.g calorimeter 
walled hollow chamber with a steam pipe connection leading into 
the inner chamber through the top A perforated metal basket 
is suspended in the upper part of the inner chamber, with its 
bottom a short distance below the end of the steam connection. 
The bottom of this basket is not perforated The inner chamber 
is connected to the outer one through an opening located at the 
top of the perforated metal basket. The outer chamber, located 
between the two walls of the body of the calorimeter, has an out- 
let to the atmosphere through a small hole in the bottom. 
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In operating the calorimeter/ the steam to be tested enters 
through the tube in the top and discharges against the bottom of 
the perforated metal basket. The steam, in seeking an outlet, is 
forced to make a sharp turn as it leaves the tube, thus separating 
the moisture from it. The steam, which is now dry, passes 
through the sides of the metal basket and through the opening 
into the outer chamber. The moisture is separated from the 
steam and passes through the perforations in the basket, collect- 
ing in the bottom of the inner chamber. The amount of water 
collected in the inner chamber is indicated on a glass gage located 
outside the body of the calorimeter and connected at top and 
bottom to the inner chamber. This gage is fitted with a marker 
which passes over a graduated scale. The scale is usually gradu- 
ated to read in hundredths of a pound. 

The dry steam passes into the outer chamber and out through 
the opening in the bottom. A gage, resembling a steam gage, is 
connected to the outer chamber of the calorimeter. The dial of 
"this gage has two sets of graduations, the inner one showing the 
pressure of the steam in the calorimeter in pounds per square 
inch above atmospheric pressure, and the other showing the 
weight of steam flowing through the small opening in the bottom 
during a period of 10 minutes. The gage is rather unreliable and 
for this reason it is better to obtain the weight of steam passing 
through the calorimeter by weighing it. This may be done by 
connecting a rubber tube to the bottom of the calorimeter and 
passing the steam into a tub or bucket of cold water, where it will 
be condensed. By weighing the tub or bucket of water before 
and after passing the steam into it, its increase in weight may be 
obtained. This increase in weight represents the weight of dry 
steam that has passed through the calorimeter. 

The calculation of the quality of steam from the readings taken 
with a separating calorimeter are very simple, since the weight of 
water and of steam are obtained directly. If W represents the 
weight of water removed from the steam, as indicated on the glass 
gage, and Wi represents the weight of dry steam obtained by 
condensation in a tub or bucket of water, then the total weight of 
the wet steam is TF+ IFi and the quality or dryness will be 

Wi 
W+Wi 

or(?=:^:p^ 
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Example : 

Suppose the glass gage shows that the calorimeter has collected .12 lb. 
of water in a certain time, and during the same time the tub of water has 
increased in weight 2 lb. 4} oz. What is the quality of the steam? 

Solution : 

4 5 
4Joz. =^==.281 lb. 

Therefore, 2 lb. 4 J oz. =2.281 lb. = Wi 

W 2.281 2^81 _ QK_oKor 

^"TF+TTi"". 12+2.281 ""2.40l~'^^~^^^ 

In this form of calorimeter, radiation from the outer walls, 
which causes condensation of a portion of the steam, does not 
affect the accuracy of the results as condensation can take place 
only in the outer chamber and will, therefore, affect only steam 
from which the moisture has already been separated. 

The separating calorimeter is especially useful in determining 
the quality of steam which contains considerable moisture. If 
the quality of the steam is so low that one calorimeter will 
not remove all the moisture, two calorimeters may be connected 
so the first one discharges into the second, thus forcing the steam 
to pass through both. The moisture which passes the first 
calorimeter will be separated by the second. The separating 
calorimeter does not give as accurate results as the throttling 
calorimeter, to be described next, but it can be used with steam 
having a lower quality. 

81. Throttling Calorimeter. — ^The throttling calorimeter oper- 
ates on an entirely different principle from that of the separating 
calorimeter just described. This form of calorimeter takes its 
name from the fact that the steam, of which the quality is to be 
determined, is forced to pass through a very small opening, 
thereby throttling it or causing its pressure to be reduced. 

One form of throttling calorimeter is shown in Fig. 61. It 
consists of a hollow cylindrical shell with a thermometer well 
extending down its center, and with an opening into the atmos- 
phere at the bottom. Steam is led into the calorimeter through a 
sampling tube and valve and through a nozzle which has an open- 
ing of only about .03 of an inch in diameter. An opening is 
placed in the shell of the calorimeter directly opposite the nozzle 
and leading to one branch of a manometer, or glass ''U" tube, 
partly filled with mercury, and provided with a scale divided into 
inches. 

The theory of the operation of a throttling calorimeter is as 
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follows: The steam drawn from the eteam pipe and lead to the 
nozzle is saturated and under a high pressure. Upon flowing 
through the nozzle into the chamber of the calorimeter which is 
open to the atmosphere, the pressure of the steam will be reduced 
to approximately atmospheric pressure. A study of the steam 
table will show that high pressure saturated steam contains a 
greater number of heat units per pound than low pressure satu- 
rated steam. The steam taken from the steam pipe cannot gain 




Fia. 61. Throttling colorimeter. 

any heat, since there is no source of heat present. Neither can it 
lose heat except by radiation and, since the calorimeter is small, 
the small amount of heat lost in this way may be neglected. 
Therefore, as far as practical results are concerned, the steam in 
the calorimeter contains as many heat units per pound as the steam 
in the pipe from which the sample is taken. Since the low pressure 
steam in the calorimeter requires less heat to saturate it than high 
pressure steam, there will be more heat in the calorimeter than is 
required to saturate the steam after its pressure has been reduced. 
As this excess heat cannot escape, it is absorbed by the steam in 
the calorimeter thereby raising its temperature, or superheating 
it. A numerical example will make this plain. Suppose the 
steam in the main pipe has apressure of 150 lb. per sq. in. absolute 
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and a quality of 98%. The number of B.T.U. per pound in this 
steam will be 

B.T.U. = A+gL 

=330.2+(.98X853.2) 

=330.2+845.94 

= 1176.14 

and this is the amoimt of heat which enters the calorimeter per 
pound of steam. If the steam inside the calorimeter has a pres- 
sure of 15 lb. per sq. in. absolute and were merely saturated, it 
would contain only 1150.7 B.T.U. per poimd. Therefore, there 
will be 1176.14-1150.7 = 25.44 B.T.U. inside the calorimeter 
in excess of that required to saturate the steam, and, as this 25 . 44 
B.T.U. cannot escape, it is absorbed by the steam inside the calo- 
rimeter, thereby superheating it. 

The readings to be taken for determining the quality of the 
steam are: first, the pressure of the steam in the pipe from which 
the sample is taken, for which purpose a steam gage should be 
attached to the steam pipe; second, the temperature inside the 
calorimeter as indicated on the thermometer in the well, and third, 
the pressure inside the calorimeter as indicated by the manometer. 
The atmospheric pressure as indicated by a barometer should also 
be read. The readings of pressure and temperature should be 
taken at the same time. 

The method of calculating the quality is illustrated with the 
following set of readings as taken from the calorimeter: 

Gage pressure in steam pipe = 130 lb. per sq. in. 

Temperature in calorimeter =249. 25 

Pressure in calorimeter above atmospheric pressure (manome- 
ter reading) =3 inches of mercury = 1.47 lb. per sq. in. 

Barometer reading = 28. 4 inches of mercury = 13 . 94 lb. per 
sq. in. 

Absolute pressure in steam pipe = 130+13. 94 = 143.94 lb. per 
sq. in. 

Absolute pressure in calorimeter = 1 . 47+ 13 . 94 = 15 . 41 

Heat in one pound of steam in pipe=A+gL, the quantities h 
and L being for a pressure of 143 . 94 lb. per sq. in. 

Heat in calorimeter =£?+. 48(^—0 i^^ which 

£f =the total heat in one pound of saturated steam at the 
pressure which exists in the calorimeter 

16 
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^«= temperature of the superheated steam in the calorim- 
eter as indicated by the thermoneter 

t = temperature of saturated steam at the pressure which 
exists in the calorimeter. 

.48 = specific heat of superheated steam in calorimeter 
Now as shown before 

h+qL = H+A8{t,-t) 

H+A8(U-t)-h 
g = ^ 

^ = 1151.2 

«. = 249.25 

/ = 214.35 

A = 326.86 

L = 865.8 

H+A8(ts-t)-h 



Therefore, 



^- L 

_ 1151. 2+. 48(249. 25-214. 35) -326. 86 

865.8 

1151. 2+(. 18X34. 9) -326. 86 
865.8 

1151.2+16.75-326.86 
865.8 

"" 865T8 "'•^^^""^^•"^^ 

When the throttling calorimeter is used as directed above, and 
the quality calculated by the method used in the example, it gives 
the quality very accurately. It is not suitable, however, for use 
with steam having a quality less than 96%, as there will not then 
be enough excess heat in the calorimeter to superheat the steam. 
The one using a throttling calorimeter may know when it is not 
superheating the steam by reading the thermometer. If the 
temperature in the calorimeter is not greater than that corre- 
sponding to the temperature of saturated steam at the pressure in 
the calorimeter, then the steam is not being superheated and the 
quality cannot be determined by this method. For example, if 
the thermometer had not indicated a temperature higher than 
214.35*^ F. in the example given above, it would show that the 
steam was not being superheated and the quality could not have 
been obtained from these data. 



w 
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^. Superheated Steam. — If saturated ateam is removed from 
the presence of water and heat is applied to it, its temperature 
may be raised above that at which it was formed, and this may 
be done without increasii^ its pressure. When steam is heated 
above the boiling temperature corresponding to its pressure it is 
said to be superheated. The number of degrees by which its 
actual temperature exceeds that of the boiling point correspond- 
ing to the pressure is CEdled the degrees of superheat and this term 
i3 used to designate the amount of superheat. Thus, if the flb- 
soluite pressure of the steam is 150 lb. per sq. in. and a thermo- 
meter inserted in it shows that its temperature is 465°, then, since 
the temperature of saturated steam at 150 lb. per sq. in, pressure 
ia 358.5, its degree of superheat is 465-358.5=106.50. The 
temperature of saturated steam for any pressure may be found 
from the steam table while the actual temperature of super- 
heated steam must be measured with a thermometer. 

83. Total Heat of Superheated Steam, — Superheated steam 
coataioB more heat per pound than saturated steam at the same 
pressure. The total heat above 32° F, contained in a pound of 
superheated steam may be found by adding to the total heat of 
saturated steam for the same pressure, as found in the ateam 
tables, the number of heat units required to superheat the steam. 
The method formerly used for calculating the number of heat 
units required to superheat a pound of steam was to multiply 
the specific heat of superheated steam by the degrees of superheat. 
Recent investigation shows that the specific heat of superheated 
steam is different at different temperatures; therefore, this 
method of determining the number of heat units required to 
superheat steam is hable to cause serious error unless the average 
specific heat can be determined. 

Within recent years many experiments have been made to 
determine the number of heat units required to superheat steam. 
The results of these experiments are shown in the following table. 
The total heat contained in a pound of superheated steam may 
be found by adding the values given in this table to the total 
heat of dr>- saturated ateam as found in a steam table. 

The use of this table may be illustrated by the following exam- 
le: Determine the number of heat units contained in a pound 
>erheated steam having a pressure of 130 lb, per sq, in. 
iute and having a temperature of 447.4° F. 
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HEAT UNITS REQUIRED TO SUPERHEAT STEAM 



Absolute 


Degrees of superheat 


presaure 


10 


20 


40 


60 


80 


1 100 


130 160 


1 200 


250 


1 300 


1 


4.5 


0.0 


18.2 


27.3 


36.4 


45.5 


50.2 


73.0 


01.2 


114.1 


132.1 


10 


4.6 


0.3 


18.6 


27.0 


37.2 


46.4 


60.3 


74.2 


02.0 


116.2 


130.4 


15 


4.7 


0.4 


18.8 


28.2 


37.6 


46.0 


60.0 


74.0 


03.7 


117.0 


140.4 


20 


4.7 


0.5 


10.0 


28.4 


37.0 


47.3 


61.5 


76.6 


04.4 


117.0 


141.4 


30 


4.0 


0.7 


10.4 


20.0 


38.6 


48.2 


62.5 


76.8 


05.8 


110.5 


143.2 


40 


4.9 


0.0 


10.7 


20.5 


30.3 


40.0 


63.5 


77.8 


07.0 


120.0 


144.7 


50 


5.1 


10.1 


20.2 


30.2 


40.0 


40.8 


64.5 


78.0 


08.2 


122.2 


146.1 


60 


5.2 


10.3 


20.6 


30.7 


40.7 


50.6 


65.3 


70.0 


00.4 


123.4 


147.3 


80 


5.4 


10.7 


21.3 


31.7 


41.0 


52.0 


66.0 


81.7 


101.3 


125.5 


140.6 


100 


6.7 


11.2 


22.1 


32.8 


43.2 


53.4 


68.4 


83.3 


103.1 


127.3 


151.5 


130 


6.0 


11.8 


23.1 


34.1 


44.7 


55.1 


70.4 


85.4 


105.2 


120.6 


153.0 


160 


6.3 


12.5 


24.3 


35.5 


46.3 


56.8 


72.2 


87.3 


107.2 


131.7 


156.1 


200 


6.0 


13.6 


25.8 


37.4 


48.4 


50.0 


74.4 


80.6 


100.6 


134.8 


158.0 


250 


7.7 


li.8 


27.8 


30.8 


50.8 


61.5 


77.1 


02.0 


112.4 


137.3 


162.0 


300 


8.5 


10. 1 


30.0 


42.1 


53.3 


64.1 


70.6 


05.0 


115.2 


140.2 


165.1 



By referring to the steam table we see that the temperature of 
saturated steam at 130 lb. pressure is 347.4 and that its total heat ' 
is 1191 B.T.IJ. The degrees of sup)erheat are, therefore, 447.4— 
347.4=100*^ and the above table shows that for this degree of 
superheat and for a pressure of 130 lb. the number of heat units 
required to superheat the steam is 55.1. The pound of super- 
heated steam will, therefore, contain 1191+55.1 = 1246.1 B.T.U. 

The average specific heat of the superheated steam may bo 
found from the table by dividing the value given in the table by 
the degrees of superheat. Thus, in the above example, the aver- 
age specific heat would be 



55.1 
100 



= .551 



Since superheated steam contains more heat than dry satu- 
rated steam it is evident that the superheated steam is idso dry. 
If superheated steam is passed through a throttling calorimeter, it 
will show a quality greater than 100%, which indicates simply 
that the steam was already superheated when it entered the 
calorimeter. 



QUESTIONS 

98. What IB meant by the quality of steam? 

99. Why is wet steam objectionable? 

100. What is the cause of a boiler making wet steam? 

101. Describe one method of measurmg the quality of steam. 

102. The water leaving a steam radiator may be at the same temperature 
as the steam entering the radiator. How, then, is heat given to the room? 
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103. 6 pounds of wet steam having a quality of 80% and a pressure of 
20 pounds per sq. in. absolute are passed into a barrel containing 250 lbs. 
of water at a temperature of 60** F. What is the resulting temperature of 
the water? 

104. An ammonia compressor delivers compressed ammonia vapor to a 
condenser which is supplied with cooling water at a temperature of 60** F. 
What must be the pressure of the ammonia in order that it may be condensed ? 

106. A pound of ice in melting gives up 142 B.T.U. How many pounds 
of ammonia having a temperature of 56° F. must be evaporated at a pressure 
of 42 lb. per sq. in. absolute in order to produce as much cooling effect as 
would be obtained from the melting of one ton (2000 lb.) of ice? 

106. Calculate the quality of steam from the following set of readings 
obtained from a throttling calorimeter: 

Steam pressure 130 lb. per sq. in. gage. 
Temperature in calorimeter 261** F. 
Pressure in calorimeter 2.5 inches of mercury. 
Barometer reading 27.5 inches of mercury. 

107. One boiler evaporates 9 lb. of water having a temperature of 120** F. 
into steam having a pressure of 160 lb. per sq. in. absolute, and a quality of 
99% for each pound of coal fired. Another boiler using the same kind of 
coal, receives feed water at 180** F. and evaporates 9} lbs. for each pound of 
coal fired into steam having a pressure of 115 lb. per sq. in. absolute, and a 
quality of 97%. Which of these two boilers is more efficient? 
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CHAPTER XI 
THE STEAM ENGINE 

84. Types of Engines. — Steam engines may be divided con- 
veniently into three types or classes depending upon their types 
of valve mechanism. These types of engines are the Plain Slide 
Valve, the Automatic High Speed, and the Corliss engines. 
Plain sUde valve engines and automatic high-speed engines both 
have slide valves but these engines have different methods of 
controlling the speed. The Corliss engine is a slow-speed engine 
and has a different kind of valve from the plain slide valve and 
automatic high-speed engines. There is one kind of automatic 
high-speed engine, however, which has valves similar to those of 
the Corliss engine. 

Besides classifying steam engines according to their types of 
valves, they may also be classified in various other ways, among 
which are: 

According to the position of the cylinder as 
Horizontal engines 
Vertical engines 
According to the number of cylinders in which the steam is 
expanded as 

Simple engines 
Compound engines 
Triple expansion engines 
Quadruple expansion engines 
According to the manner of handling the exhaust steam as 
Condensing engines 
Non-condensing engines 
According to the use of the engine as 
Stationary engines 
Marine engines 
Traction engines 
Locomotive engines 
A simple engine is one in which the steam is expanded in one 
cylinder only. In a compound engine the steam is first expanded 
17 159 
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in one cylinder and the exhaust from this cylinder is led to a 
second cylinder where it is expanded further. In a triple expan- 
sion engine the total expansion of the steam is divided into three 
parts, each being performed in a separate cylinder, while in a 
quadruple expansion engine the total expansion of the steam is 
divided into four parts, each being performed in a separate 
cylinder. The general name of multiple expansion engines is 
used to designate any engine in which the expansion is performed 
in more than one cylinder. The reasons for dividing the expan- 
sion of the steam into parts will be considered in the next chapter. 

A condensing engine is one in which the exhaust steam is cooled 
and condensed, thus reducing the back pressure against which the 
piston must make its return stroke. In a non-condensing engine 
the exhaust steam is turned into the atmosphere and the piston 
must make its return stroke against the pressure of the atmosphere 
plus enough pressure to force the exhaust steam through the ex- 
haust pipe and ports. This pressure may amount to from 17 to 
20 lb. per sq. in. absolute, or 2 to 5 lb. per sq. in. above atmospheric 
pressure. 

86. Plain Slide-valve Engine. — The plain slide-valve engine 
is the simplest type. The engine, illustrated in Fig. 19 and de- 
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scribed in Chapter II, is an example of the plain slide-valve type 
of engine. This type of engine is named from the kind of valve 
used to distribute steam to the cylinder, which is called a plain 
slide valve. A plain slide valve is shown in Fig. 62. This valve 
consists of a rectangular hollow casting with one side open and 
the edges finished to fit closely on the valve seat, or side of the 
cylinder. In the type of valve shown here high-pressure steam 
surrounds the valve and the inside of the valve is filled with ex- 
haust steam. The end edges of the valve control the admission 
and exhaust of steam and the sides prevent the steam from pass- 
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ing from one side of the valve to the other, or the live steam 
escaping into the exhaust pipe. 

The slide valve is moved backward and forward by an eccentric, 
which is illustrated in Fig. 63. The eccentric consists of a circular 
disk fastened to the shaft but having its center a short distance 



£ 




Fig. 63. 

from the center of the shaft. The eccentric is surrounded by a 
strap in which the eccentric turns and the eccentric rod is con- 
nected to the strap. In turning, the eccentric gives the same 
motion to the eccentric rod that would be given by a short crank, 
that is, a backward and forward or reciprocating motion. 





Fig. 64. 

The action of the slide valve can best be explained by consider- 
ing the series of operations which occur in one end of the cylinder, 
remembering that similar operations are occurring in the other 
end but at a different time. In Fig. 64 the piston is at the head 
end of the cylinder and just beginning its forward stroke, the 
shaft turning in the direction of the arrow. 

In the position shown in Fig. 64 the valve is opening to admit 
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steam to the head end of the cylinder. The steam pressure moves 
the piston toward the right and the valve is opened wider, which 
allows steam to flow into the cylinder more freely. The valve 
soon reaches the end of its travel toward the right and begins to 
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move toward the left, closing the head end steam port. Kg. 65 
shows the valve just as it closes the head end steam port and it 
will be seen from this figure that the piston has not completed its 
forward stroke. Fig. 65 shows the positions of the valve and 
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piston at cut-off. The valve continues to move toward the left, 
keeping the steam port closed and the steam expands behind the 
piston, pushing it toward the right. By the time the piston 
reaches the end of its forward stroke the inner edge of the valve 
b^ins to uncover the head end steam port, as shown in Fig. 66, 
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and gives the event called "release." This opens commuoication 
between the head end of the cylinder and the eichaust port; then 
if the steam still has any pressure above that of the atmosphere, 
this pressure immediately drops to the exhaust pressure. 

At this point steam m admitted to the crank end of the cylinder 
and the piston is pushed to the left, which forces the spent steam 
in the head end of the cylinder into the exhaust pipe. This part 
of the stroke gives exhaust from the head end of the cylinder. . 
The valve continues to move toward the left, opening the exhaust 
port wider and wider, until it reaches the end of its travel, when it 
b^ns to move toward the right and close the exhaust port. 
When the piston has reached the point in its return stroke shown 





Fig. 67. 



in Fig. 67, the valve has moved far enough to the right to close 
the exhaust port. From thb point to the end of the return stroke 
the exhaust port remains closed and the piston compresses the 
steam which remains in the head end of the cylinder so that at 
the end of the stroke the clearance volume of the cylinder is 
fiUed with high-pressure steam. This completes the series of 
events in the head end of the cylinder. 

By referring to Figs. 64, 65, 66 and 67 it will be seen that the 
valve is so constructed that at the same time admission and expan- 
aon are occurring in the head end of the cylinder, exhaust and 
compres^on are occurring in the crank end, and at the same time 
that exhaust and compression are occurring in the head end, 
admis^on and expansion are occurring in the crank end. Thus 
the events for both ends of the cyUnder are performed In their 
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proper order and the engine is made to run continuously by means 
of a single slide valve and a single eccentric. 

It will also be observed from the above figures that the angle 
between the eccentric and crank is a little greater than 90** and 
the engine runs in a direction to make the crank follow the eccen- 
tric. An engine may be made reversing, that is to run in either 
direction at will, by having two eccentrics on the shaft so arranged 
that the valve may be connected to and take its motion from 

either eccentric as desired. The crank and two 

. i ^ eccentrics would then have the relative positions 

c | 4^ shown in Fig. 68 in which OC represents the 

* ^E* crank and OE and OE' represent the eccentrics. 

Fig 68 When the valve takes its motion from the eccen- 
tric OE the engine runs in a clockwise direction 
and when its motion is taken from OE' the engine will run in a 
counter-clockwise direction. 

The most common form of reversing valve gear is illustrated 
diagrammatically in Fig. 69 and is known as the Stephenson link 
motion. In the Stephenson link motion the two eccentrics OE 
and OE' are connected by eccentric rods to a curved link. This 
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Fig. 69. 

link has a slot which contains a block on the end of the valve rod. 
The link may be moved up or down, thus placing the valve rod 
in line with either eccentric rod. With the position of the link 
shown in Fig. 69 the valve rod is in line with the eccentric rod 
from OE and the valve takes its motion from this eccentric; 
therefore the engine will run in a clockwise direction. If the 
link is lowered the valve rod will be in line with the eccentric rod 
from OE' and the valve will take its motion from this eccentrici 
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which gives the engine a counter-clockwise direction of rotation. 
If the link is moved so that the valve rod is half-way between the 
two eccentric rods the motion of the valve will be slight because 
it is acted upon equally by both eccentrics, one giving a forward 
and the other a backward motion. 

In the plain slide valve engine the point of cut-off is determined 
by the fixed position of the eccentric and, if the pressure of the 
steam suppUed to the engine is constant, the amount of work 
performed in the cyUnder will be constant. In order to prevent 
the speed of this type of engine from changing as the load on the 
engine changes, it is necessary to use some device for controlling 
the amount of work being performed in the cylinder. This is 
done by means of a governor so arranged that the pressure of the 
steam is reduced as the speed increases. Such a governor is 
called a ihroiUing governor. 

An engine whose speed is regulated by throttling or reducing 
the pressure of the steam supply uses a large amount of steam in 
proportion to the work it performs, or is inefficient, because the 
full pressure of the steam is used only when the load is greatest 
and for any smaller load a portion of the steam pressure is wasted. 
For this reason the slide valve engine is used only in small sizes 
when used on varying loads. A great many large marine engines 
are of the plain slide valve type but they work under practically 
constant loads and, when designed for these loads, are fairly 
economical. 

The plain slide-valve engine is usually designed to run at slow 
or medium speeds, with a length of stroke somewhat greater than 
the diameter of the cylinder. They are simple in construction 
and cheap in cost, hence are much used where only a small amount 
of power is needed and where expert attendance is not obtainable. 
With ordinary care they last for a long time and do not easily get 
out of order. This type of engine uses from 35 to 60 pounds of 
steam per hour for each horse-power developed. 

86. Automatic High-speed Engine. — The automatic high- 
speed engine is also a slide valve type of engine but it differs from 
the plain slide valve engine in having a balanced valve, in its 
method of controlling the speed, and in the general proportions of 
its parts. One form of automatic high-speed engine is shown in 
Fig. 70. 

The balanced valve of the automatic high-speed engine, shown 
in Fig. 71, consists of a slide valve which has a smooth flat top 



covered by a plate fastened to the cover of the steam chest. The 
valve slides between the valve seat and the balance plate, vhich 
fits agunst the valve tight enough to relieve it of the steam pres- 
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sure. If the full steam pressure is exerted against the back of a 
slide valve, the valve is pressed against the seat with an eD(Hinous 
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force, causing undue wear, requiring more power to move the 
valve, and preventing effective lubrication. The balance plate 
covers about 80 per cent, of the area of the valve, leaving 20 per 
cent, exposed to steam pressure. This is sufficient to keep the 
valve properly seated and yet ia not enough to create undue 
friction. 

Another common form of balanced slide valve is known as the 
piston valve, illustrated in Fig. 72. This type of valve is shaped 
like a spool, the large flat parts at the ends beti^ the working 
faces of the valve. The valve moves in a direction parallel to its 




axis and slides over the ports in the same manner as an ordinary 
slide valve. Since steam pressure acts upon this valve in all 
directions it is perfectly balanced. 

The speed of the automatic high-speed engine is regulated by 
controlling the volume of steam admitted to the cylinder at each 
stroke, instead of changing the steam pressure according to the 
load on the engine. This is a more efficient method of regulating 
the speed because the steam is admitted to the cylinder at full 
pressure all the time and none of the pressure is wasted. The 
volume of steam admitted to the cylinder is regulated by a gov- 
ernor located in the fly-wheel. The governor controls the point of 
cut-oPF by shifting the eccentric, to which it is attached, causing 
the cut-off to occur later in the stroke for a large load and earlier 
for a small load. 

The automatic engine usually presents a short appearance, the 
parts being grouped closely ti^ther. As compared with the 
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plain slide valve engine, its cylinder and connecting rod are short- 
er in proportion to the diameter of the cylinder. They are made 
in these proportions because the desirable piston speed for aU types 
of engines is about the same and in order to secure a large number 
of revolutions per minute and not exceed the desirable piston 
speed the stroke must be short as compared with the diameter of 
the piston. 

The automatic high-speed engine is made for speeds up to about 
350 revolutions per minute and in sizes up to about 600 horse- 
power. It has a close speed regulation at all loads and is there- 
fore well adapted for direct connection to electric generators, a 
class of work which requires high and constant speed, and a large 
number of these engines are used in this class of service. These 
engines are also often connected to line shafting by means of 
belts and used for general power purposes. They are more 
efficient than the plain slide valve engine, using from 30 to 40 
pounds of steam per horse-power per hour. 

87. Corliss Engine. — The Corliss engine is an entirely different 
type from either of the two just described. Like the others it is 
named from its type of valve, which is known as the Corliss 
valve. 

The Corliss valve is cylindrical and placed with its axis across 
the cylinder instead of parallel to it as with the piston valve. 




VALVe STEM - WOPKINO COOK 

Fig. 73. 



There are four of these valves to each cylinder, an admission 
valve for each end of the cylinder and an exhaust valve for each 
end. Each of these valves has an oscillating motion about its 
axis instead of sliding back and forth parallel to its axis, and it 
turns through an angle only large enough to uncover the port. 
The shape of the Corliss valve is illustrated in Fig. 73 which shows 
the valve removed from the cylinder. 

Corliss valves obtain their motion from an eccentric which is 
fixed to the engine shaft, the motion being transmitted through an 
eccentric rod to the valves. The admission valves are connected 
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with the eccentric only at the times when they are being opened. 
When cutoff occurs the connection between them and the eccen- 
tric is released and they are closed quickly by the suction of a 
vacuum which ia created at the time the valve ia opened, by a 
piston in a dash pot. The valve then remains stationary until 
admission to that end of the cylinder again occurs. The exhaust 
valves are connected with the eccentric at all times but the con- 
nection is by means of links such that the valves move very slowly 
except when they are opening and closing. 

The speed of the Corliss engine is governed by regulating the 
volume of steam admitted at each stroke to suit the load. This 
is done automatically by the governor which changes the point of 
cut-off by relca^ng the admission valve, allowing it to close 
earlier or later in the stroke as the speed increases or decreases. 
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The construction of the Corliss valve gear is such that cut-off 
occurs very early in the stroke, which permits the steam to be 
expanded a large number of times, while, with a slide-valve engine, 
it is impractical to have cut-off occur earlier than about half 
stroke. Also with the slide valve, since one valve controls all of 
the events, an early cut-off gives an early compression, so that the 
extra work that might be gained from greater expansion of the 
steam is partly lost by the earlier compression. The admission 
and exhaust valves are separate in the Corliss engine; hence an 
early cut-off may be secured without an early compression. 

A general view of a Corliss engine is shown in Fig, 74 which 
Bervos to give an idea of the proportions of its parts. It will be 
observed that this type of engine has a somewhat longer cylinder 

nroportion to its diameter and also a longer connecting rod than 
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other types of engines. This gives the whole enipne an appeaiv 
ance of considerable length in proportion to its height. 

The complicated valve mechanism used on Corliss eugjnes 
makes it necessary to run them at relatively low i^)eed8 in order 
for the various parts to adjust themselves and work properly. 
In order to maintain a proper piston speed with a small number 
of revolutions per minute the length of stroke must be long. 
Corliss engines rarely run at higher speeds that 100 to 125 revolu- 
tions per minute and, in the larger sizes, the speed is lower than 
this. 

The Corliss engine is the most efficient type of steam en^ne. 
It rarely uses over 25 pounds of steam per horse-power per hour 
and in the larger sizes its steam consumption is much less than 
this. This type of engine is made in sizes from 100 to 12,000 
horse-power. The Corliss engine is particularly adapted to 
running mills and for other power purposes, on account of its 
smooth running qualities and its close speed regulation. 

88. Four-valve Engine. — The four-valve engine is a type of 
medium and high-speed engine that has been developed in recent 
years. This ci^ine, which is shown in Fig. 75, has the general 
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proportions of the automatic high-speed engine and has the same 
kind of speed regulating device, but has valves similar to those 
of the Corliss engine. As with the Corliss engine there is a valve 
for admission to each end of the cylinder and one for exhaust from 
each end, but all of these valves are connected to the eccentric at 
all times and are not disengaged as in the Corliss engine. 

The four-valve engine combines many of the advantages of 
both the automatic high-speed and the Corliss types. The kind 
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of valve used permits a large port opening with a small move- 
ment of the valve and the clearance volume is reduced to a small 
amount. The shape of the valve is such that the total steam 
pressure acting upon it is small; hence the friction is small and 
efficient lubrication is easy. This type of engine is used on the 
same class of work as the automatic high-speed engine and it is 
made in the same sizes and speeds. Its steam consumption per 
horse-power per hour is slightly less than that of the automatic 
high-speed engine. 

89. Steam-engine Efficiencies. — In engineering work the term 
efficiency is usually understood to mean the ratio of the work or 
energy gotten from a machine or process to the work or energy 
supplied, or, expressed as a formula, 

--_ . work obtained 

Efficiency = \ r—T 

•^ work supplied 

This ratio will always be less than one, or 100 per cent, for a steam 
or other engine, because no machine can deliver as much work as 
is put into it, on account of friction and other losses. 

In the above formula for efficiency, both the work obtained 
and the work supplied must be expressed in the same units, either 
in foot-pounds or in British thermal units. Since it is more con- 
venient to measure the indicated horse-power of an engine than 
the brake horse-power it is customary to base the work obtained 
upon the indicated horse-power. The "work obtained" may be 
taken as one horse-power acting for one hour which if, expressed 
in heat units will be 2545 B.T.U. The "work supplied'' by the 
engine must then be expressed as the number of heat units con- 
tained in the steam supplied to the engine per horse-power per 
hour. The amount of heat in the steam supplied is calculated 
above the temperature of the exhaust rather than above 32° F. 
(the temperature from which quantities given in the steam table 
are calculated), because no engine could use all of the heat in 
steam down to a temperature of 32° F; hence, if the heat supplied 
is based on this temperature, the engine will te charged up with 
some heat which it is not capable of turning into work. 

The above formula for efficiency, when applied to a steam 
engine then becomes 

ir« • 2545 

Efficiency = —rj- 
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in which Hi is the number of B.T.U. supplied to the engine per 
hour for each horse-power, calculated above exhaust temperature. 

Example: 

What is the efficiency of an engine which develops 125 I.H.P. and uses 22 
pounds of steam per I.H.P. per hour, the admission pressure being 130 lb. 
per sq. in. absolute and the exhaust pressure being 18 lb. per sq. in. absolute? 
The quality of the steam supplied to the engine is 97%. 

Solution : ^ 

B.T.U. in one pound of steam, above 32® F. 

= (h -\-qL) = (318.6 +.97 X872.3) 

= (318.6+846) =1164.6 
Number B.T.U. between 32® and exhaust temperature 

= 222.4-32 = 190.4 
B.T.U. in one pound of steam above exhaust temperature 

= 1164.6-190.4=974.2 
B.T.U. in 22 pounds of steam, above exhaust temperature 

= 22X974.2=21432.4 

2545 
Efficiency = 21432 4 ^'^^^ ^^ 11.8% 

The above method of expressing eflSciency is useful in giving 
an idea of the proportion of the heat supplied to the engine which 
is turned into work and also to compare the efficiency of one 
steam engine with that of another which is operating under the 
same conditions. It is often desirable, however, to compare the 
performance of one kind of engine with that of another, as for 
example, to compare the performance of a gas engine with the 
performance of a steam engine. This cannot be done by cal- 
culating the efficiency of both engines and then comparing theu- 
efficiencies, because these efficiencies are calculated from different 
considerations and such a comparison would not give an idea of 
the relative performances of the two engines. In order to make 
such a comparison as this it is necessary to have some standard 
of efficiency by which each engine may be compared. 

90. The Camot Cycle. — A convenient way of comparing en- 
gines of different kinds is to calculate the efficiency they would 
have if they were working on a perfect cycle, in which case they 
would turn into work the largest possible prop)ortion of the heat 
supplied to them. In the perfect cycle all of the heat taken into 
the engine is at the maximum temperature and all of the 
heat rejected from the engine is at the minimum temperature, 
so that all of the heat utilized is changed into work by falling 
through the greatest possible range of temperature, thus enabling 
it to perform the greatest possible amount of work. Such a cycle 
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is called Carnot's cycle, from the name of the man who devised it. 
Carnot's cycle is not a practical one and engines do not operate 
upon it, but the efficiency of this cycle is useful as a standard of 
comparison because it gives the maximum efficiency for a given 
gas working between given limits of temperature. 

In Carnot's cycle the gas is first expanded isothermally, that is, 
at constant temperature; it is then expanded adiabatically, that 
is, with no heat entering or leaving the cylinder; this is followed 
by an isothermal compression, and then by an adiabatic compres- 
sion. All of the heat supplied to the engine is taken in during 
the isothermal expansion at the maximum temperature and all 
of the heat rejected by the engine is rejected during the isother- 
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mal compression at the lowest temperature. There is no trans- 
fer of heat at any other part of the cycle; hence, all of the heat 
energy that remains in the cylinder performs work by falling 
through the entire range of temperature, a condition which 
porduces maximum efficiency. 

If the Camot cycle were applied to a steam engine the work 
diagram from the cylinder would be similar to that shown in Fig. 
76. In this diagram the admission line A £ is an isothermal 
expansion since the volume of steam in the cylinder is increasing 
and its temperature remains constant, which are the only condi- 
tions necessary for an isothermal expansion. During this process 
heat is being taken into the cylinder. The next stage in the cycle 
is the adiabatic expansion, represented by the line BC, Iso- 
thermal compression, or contraction, is represented by the ex- 
haust line CDf the volume of steam in the cylinder decreasing 
and its temperature remaining constant. During this process 
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heat is rejected from the cylinder. The final stage of the cycle 
is the adiabatic compression, represented by the line DA. 

It is in the last step of the cycle described above that the cycle 
of the actual steam engine differs most from the true Carnot cycle 
because in the cycle of the steam engine the compression is not 
usually carried up to admission and because only a part of the 
steam is compressed at all, the larger part leaving the cylinder and 
dropping out of the cycle altogether. In the true Carnot cycle 
all of the working substance is supposed to complete the entire 
cycle. 

The amount of heat taken in during an isothermal process is 
equal to KTi in which if is a factor depending upon the weight 
and kind of gas and Ti is its absolute temperature, and the heat 
rejected during an isothermal compression is equal to KTt, in 
which T2 is the absolute temperature of the gas during compres- 
sion. The amount of heat energy turned into work in the cylinder 
is the difference between the amount of heat taken in and the 
amount rejected, or 

Work performed = KTi- KTt 

Hence the efficiency of this cycle is 

T^a* • KTi — KT% 
Efficiency = — ^jp 

By cancelling the quantity K which appears in both the numer- 
ator and denominator the above formula becomes 

T —T 

Efficiency = — jjj^ — 

i 1 

In which 

Ti is the maximum absolute temperature in the cylinder 
T2 is the minimum absolute temperature in the cylinder 

Example : 

Calculate the ideal or theoretical efficiency of the engine mentioned in 
the preceding example if the engine was operating on the Carnot's cycle. 

Solution : 

Maximum temperature of the steam taken into the engine 

= 347.4** F. or 347.4+460=807.4** absolute. 
Minimum temperature of steam rejected from the engine 

=222.4° F. or 682.4** absolute. 

_,«, . 807.4-682.4 125 ,..- ^ka^^* 
Efficiency^ — ^^^-4 "807 4'°' °' 15.47% 
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Example : 

Compare the ideal efficiencies of the steam engine in the above example 
with that of a gas engine which develops a temperature of 3000^ F. in the 
cylinder and exhausts the burnt gases at a temperature of 1200° F. 

Solution : 

Maximum absolute temperature developed in gas engine 

=3000+460=3460** 
Absolute temperature of gases rejected from engine 

= 1200+460 = 1660** 

TPo: • 3460-1 660 1800 ^^ _^ 
Efficiency = oTqq — "3460^ ^^ ^* 

While a statement of either the actual eflSciency of a steam 
engine or its efficiency based on Carnot's cycle indicates its per- 
formance, it is customary also to state the performance of a 
steam engine in terms of the number of pounds of dry steam used 
by it per I.H.P. per hour. In all cases the actual number of 
pounds of steam used, if wet, may be reduced to pounds of dry 
steam used by dividing the total number of heat units in the wet 
steam by the total heat of one pound of dry steam of the same 
pressure. For several important classes of engines, good average 
performance, with saturated steam is about as follows: 

Small non-condensing engines 30 lb. 

Large non-condensing engines 25 lb. 

Locomotives 24 lb. 

The medium range of condensing engines 17 lb. 

Large and well-kept power engines 13 lb. 

The best pumping engines 11 lb. 

91. Condensers. — From the above discussion of efficiencies 
it may be seen that if the difference in temperature between 
admission and exhaust is increased the efficiency will also be 
increased. This difference may be increased in two ways, first, 
by increasing the pressure of the steam admitted to the engine, 
and second, by decreasing the pressure of the exhaust steam. 

The effect on the indicator diagram of increasing the admission 
pressure is shown in Fig. 77 in which the shaded area represents 
the additional work obtained by adding 10 lb. per sq. in. to the 
admission pressure. If the original admission pressure is 120 lb. 
per sq. in. absolute and this is increased 10 lb. per sq. in. the tem- 
perature of admission will be increased from 341.3° F. to 347.4** 
F. or only 6.1°. 

The effect on the indicator diagram of condensing the exhaust 
steam and thereby causing the engine to exhaust into a partial 
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vacuum, is shown in Fig. 78. In this case the back or exhaust 
pressure has been reduced 10 lb. per sq. in., the same as the 
increase in the preceding example, but in this case the additional 
work obtained from the engine is considerably greater since the 
reduction in pressure is effective for almost a comolete stroke 




Fig. 77. 

while the increase in admission pressure is effective for a compara- 
tively small part of the stroke. If the original exhaust pressure 
is 16 lbs. per sq. in. absolute the exhaust temperature is decreased 
from 216.3° F. to 170.06° F. or 46.24°. This shows that a greater 
difference between admission and exhaust temperatures is 
produced by lowering the exhaust pressure than by increasing the 




Fig. 78. 

admission pressure the same number of pounds and hence 
increases the eflSciency more, since the efficiency depends upon 
this difference in temperature. If the exhaust pressure were 
lowered, as shown in Fig. 78, the steam would be cut off earlier 
during admission, as indicated by the dotted line, in order to 
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prevent the pressure at the end of expansion from being too high. 
The amount by which the admission line is shortened when the 
exhaust pressure is decreased is. an approximate measure of the 
effect produced by the use of a condenser. The length of the 
admission line shows that the volume of steam admitted to the 
cylinder is much smaller when the condenser is used than when it 
is not used; hence, the amount of steam used to produce the same 
amount of work is less with a condenser than without. 

QUESTIONS 

108. A certain automatic high-speed engine has a cylinder 20 in. in diame- 
ter and a stroke of 21 in. A Corliss engine has a cylinder 20 in. in diametes 
and a stroke of 42 in. Explain why there is such a great difference in the 
strokes of these two engines. 

109. What is the best method of speed regulation? Give the reasonr 
for your answer. 

110. What is the object in using a condenser? What becomes of the heat 
taken out of the steam by a condenser? 

111. The power of a steam engine may be increased by the use of a con- 
denser or by increasing the initial steam pressure. Which of these methods 
is preferable? Give the reasons for your answer. 

112. Explain why any engine operating on Camot's cycle gives the highest 
possible efficiency. 

lis. A steam engine plant consumes 2} pounds of coal for each I.H.P. 
developed by the engines. The coal burned has the following analysis: 
Carbon 74%; hydrogen 5%; oxygen 4%. What is the efficiency of this 
plant? 

114. An engine develops 350 I.H.P. and uses 17 lbs. of steam per I. H.P. 
The steam used has a pressure of 130 lb. per sq. in. gage pressure and a 
quality of 97.5%. The exhaust from the engine passes into a condenser 
whose gage registers 22 in. vacuum. What is the efficiency of the engine? 

116. State the steam consumption of the above engine in terms of pounds 
of dry steam used per hour. 

116. What is the efficiency of the above engine based on Camot's cycle? 



CHAPTER XII 
MULTIPLE EXPANSION ENGINES 

92. Action of Steam in the Cylinder. — The low efficiency of 
the steam engine shows that a large part of the heat energy sup- 
plied to it is not turned into work, but is lost or wasted. Even 
the best engines utilize only about 20% of the heat supplied to 
them, leaving about 80% to be accounted for by the various losses 
incident to the operation of the engine. Radiation of heat from 
the engine and the friction of its moving parts account for only a 
small part of the loss. A much larger part is accounted for by 
the heat contained in the exhaust steam. As shown in the pre- 
ceding chapter, this loss may be reduced considerably by the use 
of a condenser, which lowers the exhaust pressure and makes a 
larger proportion of the total supply of heat available for useful 
work, but, even with the use of a condenser, the loss of heat in 
the exhaust is considerable. 

For a long time after the steam engine was invented, the three 
sources of loss mentioned above were thought to be the only ones. 
It was discovered later, however, that a very serious loss was 
occurring in the cylinder due to the interchange of heat between 
the steam and the cylinder walls. In order to understand this 
loss of heat the action of the steam in the cylinder must be studied, 
and for this pmpose it is convenient to consider the events occur- 
ring in only one end of the cylinder. 

The inside of the cylinder of an engine is subject to great 
changes in temperatm-e, greater, in fact, than occur between the 
hottest day of summer and the coldest day of winter. For ex- 
ample, if the steam is admitted at 150 lb. per sq. in. pressiu-e 
(temperature 358.5° F.) and is exhausted at a pressure of 4 lb. 
per sq. in. (temperature 153.0° F.), the inside of the cylinder is 
subject to a change of temperature during each stroke amounting 
to 205.5°. During exhaust the inside of the cylinder is in contact 
with steam at a low temperature, hence it becomes cooled. Com- 
pression raises the pressure and temperature of a part of the steam, 
but this affects only a small area near the ends of the cylinder 
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walls, hence the net effect of exhaust and compression, as far as 
temperature is concerned, is to leave the cylinder walls at a much 
lower temperature than that of the admission steam. When 
admission occurs, the incoming steam at high temperature meets 
the comparatively cold cylinder walls and a considerable part of 
it is condensed. As the piston moves forward on the admission 
stroke more and more of the cold cylinder walls are uncovered 
and more of the admission steam is condensed so that by the time 
cut-off occurs from 30 to 60 per cent, of the steam which has 
entered the cylinder has been condensed. The steam condensed 
by the cold cylinder walls forms a thin film of water on the inside 
of the cylinder and this water is at the boiling temperature cor- 
responding to the admission pressure. 

After cut-off occurs, the piston continues to expose more of the 
cold cylinder walls, and condensation from this cause continues; 
but at the same time the steam is expanding and its temperature 
is falling with the decreasing pressure. The decreasing tempera- 
ture, because of the smaller difference in temperature between the 
walls and the steam, tends to check condensation due to contact 
with the cylinder walls. At the same time, as soon as the tem- 
perature of the steam falls below that of the water deposited on 
the cylinder walls by condensation, the film of water begins to 
re-evaporate. A point is reached soon after cut-off when the 
re-evaporation balances the condensation, and from this point to 
the end of the stroke the steam becomes dryer. 

As expansion progresses re-evaporation continues at a faster 
and faster rate, due to the greater difference in temperature 
between the steam and the film of water on the cylinder walls. 
Unless condensation has been excessive in the earlier parts of the 
stroke, all of the film of water may be re-evaporated by the time 
the piston has reached the end of its stroke. 

It might be thought that the steam formed during expansion 
from the re-evaporation of moisture could do work by expanding 
behind the piston, and such is, in fact, the case, but it should be 
remembered that most of this steam is formed at a comparatively 
low pressure and hence has but Uttle ability to do work. 

The moisture on the cylinder walls, in evaporating, absorbs 
the latent heat of evaporation for the pressure at which evapora- 
tion occurs, and this amount of heat is absorbed from the cylinder 
walls, which cools them. A small weight of moisture evaporated 
in the cylinder will produce a large cooling effect, because the 
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latent heat of evaporation is involved, and this is large compared 
with the weight of moisture evaporated. 

The changes of temperature within the cylinder occur in rapid 
succession, and these changes do not have time to penetrate very 
far into the metal. The outside surface of the cylinder walls 
assumes a constant temperature when the engine is running, while 
the inside surface is subject to great fluctuations of temperature; 
hence the give and take of heat affects a comparatively small 
amount of metal. While the difference between the amounts of 
heat absorbed from and given to the cylinder walls is small, the 
cooling effect is large because of the small amount of metal 
affected and its low specific heat. 

The cooling effect of re-evaporation is increased by any mois- 
ture that may be brought into the cylinder by the admission 
steam, because this adds to the water that may be evaporated 
and, since it has not been condensed in the cylinder, it has given 
no heat to the cylinder walls. 

If there is very much water in the cylinder at the point of cut- 
off, all of it may not be re-evaporated at the end of expansion, 
but as soon as the sudden drop in pressure occurs at release, re- 
evaporation progresses very rapidly, so that during exhaust the 
steam in the cylinder may be perfectly dry. 

From the above discussion it will be evident that the evil 
effects of cylinder condensation and re-evaporation will be in- 
creased by anything which increases the condensation or the 
range of temperature in the cylinder. The use of a condenser 
for decreasing the exhaust pressure increases the range of tempera-' 
ture in the cylinder and therefore increases re-evaporation. An 
early cut-off increases the number of expansions of the steam or 
the range of pressure and, for this reason, also increases re-evapo- 
ration. A late cut-off increases condensation during admis- 
sion by increasing the amount of surface exposed to high tem- 
perature steam. / Increasing the admission pressure increases the 
range of temperature in the cylinder and therefore increases re- 
evaporation. 

The means most conmionly used for reducing the harmful 
effects of cylinder condensation and re-evaporation are: first, 
providing a supply of superheated steam for the engine; and sec- 
ond, dividing the total expansion of the steam into two or more 
parts and performing each in a separate cylinder, in order to re- 
duce the range of temperature in any one cylinder. Suppl3ring 



MULTIPLE EXPANSION ENGINES 181 

an engine with superheated steam is eflfective in reducing cylinder 
condensation by f m-nishing a store of heat which may be given up 
to the cylinder walls without producing condensation. Super- 
heated steam contains an amount of heat over and above that 
required to saturate it, and this amount of heat may be given up 
to the cylinder walls and still leave the steam in a satiu-ated con- 
dition. Nearly all of the condensation in the cylinder occurs 
before cut-ofif; hence, if the steam contains enough superheat so 
that the steam in the cylinder at cut-ofif will be dry saturated 
steam, nearly all of the condensation will be prevented. Usually 
from 100° to 200° of superheat is sufficient for this purpose. 
Since cylinder condensation is greatest in the smaller and more 
uneconomical classes of engines, these are the ones which derive 
the most benefit from superheated steam. 

93. Compounding. — By compounding is meant dividing the 
total expansion of the steam into a number of parts and per- 
forming each one in a separate cylinder. When the total range 
of pressure is divided between several cylinders, the total range 
of temperature is also divided, and each cylinder will then be 
subject to smaller dififerences of temperature than if all of the 
expansion occurred in one cylinder. This decreases the conden- 
sation and the cooling efifects of re-evaporation, because these 
things depend upon the range of temperature to which the cylinder 
is subjected. 

The number of parts into which the total expansion is divided 
depends upon the pressure of the steam supplied to the engine 
and upon the use of the engine. In marine work, where com- 
pounding is more generally practised than in stationary work, the 
number of parts into which the total expansion is divided for 
dififerent boiler or admission pressures is about as follows: 

Simple engines 30 to 70 lb. per sq. in. gage 

Compound 80 to 120 lb. per sq. in. gage 

Triple expansion 140 to 180 lb. per sq. in. gage 

Quadruple expansion 200 to 250 lb. per sq. in. gage 

With stationary engines there is a tendency to divide the total 
expansion of the steam into a fewer number of parts and to use 
higher pressures. Compound condensing engines are often run 
with pressures of 120 to 150 lb. per sq. in. gage, while the com- 
poimd locomotive, which is never used with a condenser, is some- 
times supplied with steam having a pressure of 200 to 225 lb. per 
0q. in. gage. 
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An ideal expansion line for steam expanding from 120 lb. to 
1.6 lb. is shown in Fig. 79, the diagram ABCDEFG representing 
an indicator diagram from an engine having no clearance. The 
line AB represents the admission line, which is very short as 
compared with the length of the line GF, which represents the 
volume of the low-pressure steam after expansion and therefore 
also represents the volume of the cylinder. The short admission 
line is necessary if the steam is to be expanded in one cylinder 
through the full range of pressure. It will be observed that if the 
entire expansion occurred in a single cylinder, this cylinder would 
have to be large enough to accommodate the volume of steam 
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Fig. 79. 

GF, and would have to be strong enough to withstand the full 
pressure of 120 lb. per sq. in. The objections to this would be 
that the cost of such a cylinder would be excessive, there would 
be a waste of power in overcoming friction, and the cooling effect 
of re-evaporation would be very large with a consequent excessive 
condensation. 

Now, suppose that a line JD is drawn across the diagram at 
such a height that the diagram will be divided into two equal 
parts. If the two parts into which the expansion of the steam is 
divided are performed in separate cylinders, the first one will 
have a volume JC and would be built to withstand the full steam 
pressure of 120 lb. per sq. in. Thb cylinder would admit a vol* 
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ume of steam AB and would expand it to the volume JC. The 
expansion would not be carried further than the point C, because 
it b desirable to have enough pressure in the cylinder at release 
to force the steam out of the cylinder rapidly, and also because 
the extra amount of work obtained by complete expansion would 
not be enough to balance the loss of work in friction while the 
piston was moving through this part of the stroke. The exhaust 
from the first cylinder would form the supply for the second. 
This cylinder would have a volume equal to GF, the same as 
would a cylinder designed for the entire expansion, but, as the 
supply of steam for the second cylinder has a pressure of only 20 
lb., it would not have to be as strong as a single cylinder, hence 
would be cheaper to construct. 

The second cylinder would admit the volume of steam JD at a 
pressure of 19 lb. and would expand it to the volume GF, when its 
pressure would be 1.6 lb. If the total expansion occurred in a 
single cylinder this cylinder would be subjected to the full range 
of temperature, 225°, and since its wall surface would be large, 
condensation would be excessive. By dividing the expansion into 
two parts, each cylinder experiences a range of temperatm-e of 
only about 112°; that is, the range in temperature has been cut 
in half and the cylinder surface has not been doubled, hence the 
condensation and re-evaporation in the two cylinders would be 
less than in a single cylinder subject to the full range of tempera- 
ture. This decreases materially the large loss of heat that would 
otherwise occur through condensation and re-evaporation; but, 
on the other hand, the engine would be more complicated and 
therefore more expensive, and the friction loss would be increased 
by the greater number of moving parts. 

94. Compound Engines. — Compound engines are divided into 
two classes, based upon the arrangement of cylinders. These 
are called tandem-compound, in which one cylinder is placed 
behind the other, and cross-compound, in which the cylinders are 
placed parallel with each other. 

The tandem engine, as illustrated in Fig. 80, has only one piston 
rod, connecting rod, and crank. The piston rod extends from 
one cylinder through the other and has both pistons attached to 
it. The exhaust pipe from the high-pressure cylinder passes 
directly to the low-pressure cylinder, and as this pipe is short it 
has but little storage capacity. The tandem-compound engine 
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is simple in construction, but the parts must bo made large in I 
order to carry the heavy stresses. 

The cross-compound engine, illustrated in Fig- 81, has two pis- 
tons, piston rods, connecting rods, and cranks, hence it is similar 
to two wmple engines placed parailo! with each other and con- 
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nected to the same shaft. The cranks are usually placed WM 
apart, which gives a more uniform turning effort on the shaft.fl 
Since each side of the engine transmits only half of the power^fl 
the parts of the engine are made smaller, but the larger number o 
parts makes this type of engine more expensive than the tandei 
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compound. The exhaust pipe from the high-pressure cylinder 
extends across to the low-pressure cylinder and contains a receiver 
or vessel in which steam may be stored. This is made necessary 
by the cranks being placed 90° apart, as explained in a later 
paragraph. 

The action of the steam in the two classes of engines mentioned 
above is quite different. In the tandem engine the pistons have 
the same length of stroke, and move in unison with each other, 
beginning a stroke at the same time and ending it at the same 
time. For this reason the steam exhausted from the high- 
pressm-e cylinder may be passed directly into the low-pressure 
cylinder without the intervention of any valves on the latter 
cylinder and without any storage space or receiver between the 
cylinders. In this case the valves and governor on the high- 
pressure cylinder control the action of the steam and the amount 
of work performed in both cylinders. 




Fig. 82. 



95. Cross-compound Engines. — ^The action of the steam in 
both cylinders of a cross-compound engine with cranks set 180° 
apart and without valves on the low-pressure cylinder, may be 
studied best by considering the indicator diagrams shown in Fig. 
82. This illustration shows the diagram from the high-pressure 
cylinder, marked HP, and that from the low pressure, marked 
LP, placed in their correct relative positions, that is, so that the 
return stroke for the high-pressure cylinder is the admission stroke 
for the low-pressure cylinder. These diagrams do not, however, 



186 HEAT 

show correctly the division of work between the cylinders, 
because, being drawn to the same scale of pressure and stroke, 
they do not take into account the different diameters of the 
cylinders. 

After the supply of steam is cut oflf from the high-pressure 
cylinder, the steam expands in this cylinder until released. Dur- 
ing exhaust from the high-pressure cylinder, the steam flows 
directly into the low-pressure cylinder. Since the diameter of the 
low-pressure cylinder is larger than that of the high-pressure 
cylinder and both pistons move at the same speed, the volume 
displaced in the low-pressure cylinder is greater than that dis- 
placed in the high-pressure cylinder. The result of this is that 
each cubic foot of exhaust steam pushed out of the high-pressure 
cylinder flows into a larger volume than one cubic foot in the 
low-pressure cylinder, and its pressure therefore falls. This is 
why the exhaust from the high-pressure cylinder and the admis- 
sion to the low-pressure cylinder show a continually falling pres- 
sure. When the point of compression in the high-pressure cylin- 
der is reached, the supply of steam for the low-pressure cylinder is 
stopped and the steam then in the low-pressure cylinder expands 
with a rapidly falling pressure, since no new steam is being 
supplied. 

It will be observed from Fig. 82 that the range in temperature 
in the high-pressure cylinder is that represented by the change in 
pressure from A to C, which is greater than it would have been 
if there were less drop in pressure during exhaust. Also the range 
in temperature in the low-pressure cylinder is that due to the 
difference in pressure between E and exhaust pressiu-e from the 
low-pressure cylinder. Since the pressure at E is greater than 
that at C, the range in temperature is greater in both cylinders 
than would be indicated by a division of the work into two equal 
parts. 

The above analysis of the action of steam in the cylinder of a 
cross-compound engine applies only to those engines which have no 
valves on the low-pressure cylinder or to those engines which have 
only one valve for both cylinders and this valve so arranged that 
cut-off in the low-pressure cylinder occurs at the same time as 
compression in the high-pressure cylinder. This type of engine 
is not used to a large extent and is made only in comparatively 
small sizes. A more common arrangement either in tandem- 
compound engines or in cross-compound engines with cranks 
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placed 90® apart is to have separate valves on each cylinder 
which may be adjusted independently of each other. Engines of 
this kind must necessarily be supplied with a receiver or storage 
space in which the exhaust steam from the high-pressure cylinder 
may be stored if cut-oflf in the low-pressure cylinder does not occur 
at the same time as compression in the high-pressure cylinder. If 
the cylinders are placed near each other so that the connecting 
passages are short, the receiver is usually in the form of a separate 
vessel connected in the passage between the two cylinders; but 
when the cylinders are some distance apart, the passage connect- 
ing the two cylinders has enough volume to act as a receiver, and 
no separate vessel is necessary. 

96. Tandem-compound Engines. — The presence of a receiver 
modifies somewhat the action of the steam in the cylinders from 
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that described above and illustrated in Fig. 82. For a tandem- 
compound engine in which the connecting passage acts as a 
receiver, or for a cross-compound with cranks 180° apart and 
supplied with a receiver, the action of steam in the cylinders may 
be shown by the diagrams in Fig. 83, which are similar to those 
shown in Fig. 82 except that cut-oflf in the low-pressure cylinder 
does not occur at the same time that compression occurs in the 
high-pressure cylinder. 

In this case, it will be observed from Fig. 83 that cut-oflf in the 
low-pressure cylinder occurs a little after half stroke and con- 
siderably before compression occurs in the high-pressure cylinder. 
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When cut-oflf occurs in the low-pressure cylinder, the steam then 
in that cylinder expands in the usual manner. The high-pressure . 
cylinder, however, has not finished exhausting at this time; 
hence the exhaust from the high-pressure cylinder is stored in the 
receiver. Since no steam is being drawn from the receiver at 
this time, the pressm-e in it, which is also the exhaust pressure of 
the high-pressure cylinder, increases as shown by the line CD 
in Fig. 83. At D compression occurs in the high-pressure cylinder 
and the exhaust valve closes communication with the receiver. 

The point of cut-oflf in the low-pressure cylinder controls the 
increase of pressure in the receiver, from C to D, the increase of 
pressure being greater with an early cut-oflf and smaller with a 
later cut-oflf. The cut-oflf in the low-pressure cylinder must be 
so timed that the pressure in the receiver will be the same at D 
^ at Ej the point where the exhaust valve on the high-pressure 
cylinder opens. If the pressure at D is not as high as at E, the 
pressure at the end of expansion in the high-pressure cylinder will 
be greater than that in the receiver and there will be a drop of 
pressm-e the next time the exhaust valve on the high-pressure 
cylinder opens. This would produce a waste of pressure and a 
loss of work, which is to be avoided if possible. 

97. Cross-compotmd with Receiver. — The action of steam in 
the cylinders of a cross-compound engine with cranks set 90® 
apart presents another interesting case. An engine of this kind 
must necessarily be supplied with a receiver because one piston 
is at mid-stroke when the other is at the end of its stroke; hence 
exhaust from the high-pressure cylinder progresses for one-half 
of a stroke when no steam is being admitted to the low-pressure 
cylinder, and it is necessary to have a receiver in which to store 
this steam. 

The diagrams from the high- and low-pressure cylinders of an 
engine of this type are shown in Fig. 84. These diagrams are not 
drawn in the usual manner, but instead the low pressure diagram 
is displaced one-half stroke from the high pressure diagram in 
order to show the relative pressm-es in the cylinder at any instant. 

It will be observed from Fig. 84 that the exhaust pressure in the 
high-pressure cylinder increases gradually from the beginning to 
the middle of the exhaust stroke. The reason for this is that 
during this part of the stroke the high-pressure cylinder is ex- 
hausting into the receiver and the low-pressure cylinder is not 
taking any steam from it; hence the exhaust pressure in the high- 
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pressure cylinder, which is also the receiver pressure, increases. 
When the high-pressure piston reaches mid-stroke the low-pres- 
sure cylinder begins to admit steam, since the cranks are 90® apart, 
and the receiver pressure is reduced. Thus, the high-pressure 
exhaust line rises from beginning to mid-stroke and falls from 
mid-stroke to the point of compression. 




Fig. 84. 



The admission line for the low-pressure cylinder follows the 
shape of the last half of the exhaust line of the high-pressure 
cylinder; hence it shows a decreasing pressure. In the low- 
pressure diagram shown in Fig. 84, cut-off occurs at or before 
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Fig. 85. 

mid-stroke, or before the high-pressure piston has completed its 
stroke. If cut-off in the low-pressure cyUnder occurs after half 
stroke the high-pressure piston will have started on its return 
stroke and exhaust will have commenced from the other end of 
the cylinder; hence the pressure in the receiver will again begin 
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to increase and this will produce a corresponding increase in the 
admission pressure for the low-pressure cylinder. The effect of 
the second admission of steam into the receiver before low-pres- 
sure cut-off is illustrated in Fig. 85, where the admission pressure 
for the low-pressure cylinder is shown decreasing up to mid- 
stroke and to increase from mid-stroke to the point of cut-off. 
This second increase in pressure is called "second admission/' 
and it is found only when cut-off in the low-pressure cylinder 
occurs after mid-stroke. 

One of the advantages of a cross-compound engine with cranks 
90° apart is illustrated by Fig. 84, which shows that the range of 
temperature in it is less than in the cylinders of a cross-compound 
with cranks set 180° apart (Fig. 82), or a tandem-compound 
(Fig. 83), because the exhaust from the high-pressure cylinder 
shows a more uniform pressure. The variations in pressure 
illustrated in Figs. 82, 83, 84, and 85 will not show to such a 
marked degree on the actual indicator diagrams because the high 
pressure diagram is drawn with a stiff indicator spring. The 
variations in pressure in the low-pressure admission may be 
detected easily on the actual diagram, however, because this 
diagram is drawn with a weak spring. 

98. Advantage and Disadvantage of Compounding. — The 
principal advantage derived from compounding is the reduction 
of cylinder condensation and re-evaporation. The way in which 
compounding accomplishes this object has already been treated 
quite fully. A secondary advantage is that compounding per- 
mits the economical use of higher steam pressures and a greater 
number of expansions of the steam than can be used economi- 
cally in the simple engine. By making the cut-off sufficiently 
early steam may be expanded as many times in a single cylinder 
as in two or more cylinders, but a large number of expansions in a 
single cylinder is accompanied by a large loss from cylinder con- 
densation, hence this would not be economical. Neither would 
the use of high pressures be economical unless the steam may be 
expanded a large number of times; hence high steam pressures 
and a large number of expansions may be used economically only 
in compound engines. 

Most of the disadvantages of compounding arise from the 
greater complication of these engines which makes them more 
expensive in first cost and in cost of repairs. The greater number 
of parts also causes a larger loss of power through friction than in 
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non>compound engines. In these respects triple expansion and 
quadruple expansion engines are at even greater disadvantage 
than compound engines, with the result that quadruple expansion 
engines have dropped out of use for stationary purposes and the 
use of triple expansion engines is confined almost entirely to large 
pumping engines. 

QUESTIONS 

117. Explain fully why a compound engine is more efficient than a simple 
engine. 

118. What are the disadvantages of a compound as compared with a 
simple engine? 

119. Why is the steam in a cylinder drier just before release than it is at 
the point of cut-off? Explain fully. 

120. What happens to the quality of steam in the cylinder when the ex- 
haust valve opens? 

121. In any steam engine why is release made to occur before the steam 
has expanded fully until its pressure is the same as the exhaust pressure? 

122. What determines the point of the stroke at which release should occur 
in a compound engine? 

123. What are the advantages of a cross-compound engine with cranks 
at 90^ as compared with a tandem or a cross-compound with cranks at 180**? 
Explain fully. 

124. Why is a receiver necessary on a cross-compound engine with cranks 
at 90^ and not on a tandem-compound engine? 

126. Why does the exhaust line on an indicator diagram from a cross- 
compound engine with cranks at 90° bend upward? 

126. What is the effect on the indicator diagram from a cross-compound 
engine with cranks at 90° if the admission to the low-pressure cylinder occurs 
after mid-stroke? 

127. Could as much power be developed by admitting the high-pressure 
steam to the low-pressure cylinder directly and disconnecting the high-pres- 
sure cylinder entirely as by admitting the high-pressure steam to the high- 
pressure cylinder directly? Explain your answer fully. 

128. Why is more benefit derived from the use of superheated steam in a 
simple engine than in a compound engine? 
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CHAPTER XIII 

AIR COMPRESSION 

99. Air Compressor. — ^The study of air compression has become 
very important in recent years by reason of the many uses of 
compressed air in the industrial world. Compressed air has a 
greater variety of uses than perhaps any other working substance. 
Besides its many uses for power purposes, it is used in a large 
number of manufacturing processes, and in various signalling 
operations. Compressed air lends itself to a great variety of uses 
because it is easily and safely handled; it may be transmitted 
through exposed pipes without the losses which would result 
from the transmission of steam under similar conditions; it may 
be stored for considerable periods of time without serious loss; its 
use is not accompanied by the danger of fire or explosions; and 
in many operations the exhausted air ventilates the compartment 
in which it is being used. 

Commercial air compressors are made in a great variety of 
forms and differ from one another in numerous details, but in 
principle and operation they are similar. A common form of 
steam-driven air compressor which serves to illustrate the prin- 
ciples and operation of these machines is shown in Fig. 86. This 
air compressor consists of two principal parts, the air compressor 
proper, which compresses the air, and a steam engine which runs 
the compressor. The steam engine which furnishes power for 
the compressor does not necessarily differ from other steam 
engines which have been treated in a previous chapter and hence 
requires n6 further attention at this time. 

The air compressor proper consists of a piston and cylinder 
placed in line with the steam cylinder. The piston rod of the 
steam engine is extended and used for the air compressor piston 
rod. In this respect the machine resembles a tandem compoimd 
steam engine. The barrel of the air compressor cylinder and also 
parts of the cylinder heads contain hollow spaces, or water 
jackets, through which cold water is circulated for cooling the 
cylinder. It thereby exerts a cooling effect upon the air that is 
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being compressed. £)ach end of the cylinder has two valves, one 
tor admittii^ the air, called a suction or inlet valve, and the other 
for discharging the compressed air, called the discharge valve. 

The valves on the compressor shown in Fig. 86 are of the auto- 
matic or spring controlled type. This type of valve is illustrated 
in fig. 87 which shows one inlet or suction valve and one discharge 
valve. These valves are operated by difference in pressure, the 
weak spring with which they are supplied serving only to hold 
them closed. The inlet valve opens inwardly and is normally 
closed. When the piston makes its suction stroke a partial 
vacuum is created in the cylinder and the atmospheric pressiue 




acting upon the outside of the valve opens it and allows air to flow 
into the cylinder. When the piston starts on ite compression 
stroke the spring, aided by the increase of pressure inside the 
cylinder closes the inlet valve and holds it closed throughout this 
stroke. As soon as the air in the cylinder has been compressed to 
a pressure a little above that on the outside of the discharge valve, 
this valve opens outwardly and allows the compressed air to flow 
out of the cylinder. Air compressors usually discharge into a 
large vessel or receiver, hence the pressure in the receiver controls 
the point at which the discharge valve opens. For most kinds of 
work the pressure in the receiver is kept practically constant. 
Many air compressors are fitted with valves which resemble 
Corliss valves in shape and are operated by mechanical means 
through levers and rods. Mechanically operated valves open and 
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close at predetermined points in the stroke and are not dependent 
upon pressure for their action. 

100. Effect of Clearance. — It is important that the clearance 
volume of air compressors be made as small as possible, hence a 
type of valve and piston are used which has little or no pockets 
and the valves are placed as close as possible to the inner edge of 
the cylinder. A large clearance volume reduces the capacity of a 
compressor because, at the end of the discharge stroke, the clear- 
ance volume is filled with high pressure air which must expand to 
atmospheric pressure, or less, before a new charge of air can be 
taken into the cylinder. If the clearance volume is large, a 
considerable part of the suction stroke will be used in expanding 
the clearance air, leaving but a small part of the stroke for taking 
in the new charge of air. This feature in the operation of air 
compressors may be better understood by a consideration of the 
compressor indicator diagram which follows. 



Discharge pres. 
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An indicator diagram from an air compressor, which shows the 
changes of pressure and volume in the cylinder during a forward 
and return stroke of the piston, is shown in Fig. 88. On this 
diagram the distance GH represents the length of the stroke. 
When the piston is at the €nd of its stroke represented by 6, the 
clearance volume is filled with compressed air at discharge pres- 
sure. As the piston moves forward toward H the air in the clear- 
ance space expands, as shown by the line AD. By the time the 
piston has moved the distance fiZ), the clearance air has expanded 
to atmospheric pressure. The piston continues to move forward 
and the pressure behind it falls below that of the atmosphere, 
when the iAl?t valve opens and allows air to flow into the cylinder 
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for the remainder of the stroke. The pressure in the cylinder 
during the suction stroke remains a little below atmospheric 
pressure, the difference being required to hold the inlet valve open 
against the pressure of its spring. 

At J the piston has reached the end of its suction stroke and is 
ready to make the return or compression stroke. As soon as the 
piston reaches the end of its suction stroke the inlet valve closes 
and, as the piston makes the return stroke, the air in the cylinder 
is compressed along the line JL. It will be observed that the 
piston moves on the compression stroke a distance JC before the 
air in the cylinder has been compressed from the suction pressure 
to atmospheric pressure; hence, while the stroke of the piston is 
GHj the volume of air compressed, measured at atmospheric 
pressure is only CD, The theoretical capacity of the compressor 
at each stroke is the piston displacement HGj but its actual 
capacity is CD, the diflference being JC+DB. The reduction in 
capacity JC is due to the springs on the inlet valves and the re- 
duction, DB is due to the clearance. The strength of the springs 
on the valves is adjustable to a greater or less extent, but the 
clearance is a fixed quanity for any given compressor: hence the 
clearance volume is an important item in compressor construction, 
and the better makes of compressors have a very small clearance 
volume. 

At L the pressure in the cylinder has been increased enough to 
open the discharge valve, and during the remainder of the 
stroke the compressed air is discharged from the cylinder, this 
pressure being enough above the pressure in the receiver to hold 
the discharge valve open against the pressure of its spring. At 
the end of the discharge stroke the spring on the discharge valve 
causes it to close. . The shaded area at the top of the diagram 
represents the work expended in expelling the air from the 
cylinder. 

101. Horse-power Required. — ^The work required to compress 
and discharge the air is represented by the area of the indicator 
diagram from the compressor cylinder. The indicated horse- 
power required to compress and discharge the air may be calcu- 
lated by the formula 

T n P - ^^^^ 
i.n.r. - 33 QQQ 

in which P= mean effective pressure from compressor diagram, 

in lb. per sq. in. 
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I = length of stroke in feet 

a = area of compressor piston, in sq. in. 

n = no. of double strokes or revolutions per minute 

Nearly all air compressors are double acting, compressing air in 
both ends of the cylinder, hence the total indicated horse-power is 
the sum of the indicated horse-power for each end of the cylinder. 
Indicator diagrams from both the steam and the air cylinders 
of an air compressor are illustrated in Fig. 89 in order to show the 
relation between the horse-power required to compress and dis- 
charge the air and the horse-power that must be developed in the 
steam cylinder to run the compressor. In this compressor the 
length of stroke and diameter of piston is the same for each cylin- 
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der, hence the M.E.P. is a measure of the horse-power from each 
diagram. It will be observed that the M.E.P. from, the steam 
diagram is 33.6 lb. per sq. in. while that from the air diagram is 
30.5, showing that about 10 per cent, more power is developed in 
the steam cylinder than is used in compressing and discharging 
the air. The diflference between the horse-powers in the two 
cylinders is used in overcoming the friction of the moving parts of 
the machine. 

102. Types of Air Compressors. — Air compressors may be 
divided into two main classes according to the arrangement of 
cylinders. These classes are straight line compressors and duplex 
compressors. Compressors in which the steam and air cylinders 
are in a straight line, similar to that shown in Fig. 86, are called 
straight-line compressors, and those in which one steam and one 
air cylinder are placed at each end of the shaft, an arrangement 
similar to that of the cross-compound steam engine, are called 
duplex compressors. 
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The above classes of compressors may be divided into single- 
stage and mvUi-stage compressors. In single-stage compressors 
the air is compressed from suction to final pressure in a single 
cylinder. In multi-stage compressors the total range of pressure 
is divided into two, three, or four parts and each stage of the 
compression performed in a separate cylinder. In stage compres- 
sion the discharge from the first cylinder forms the supply for the 
second, the discharge from the second forms the supply for the 
third cylinder, and so on. In this respect a single-stage com- 
pressor resembles a simple steam engine, and multi-stage com- 
pressors resemble multiple expansion engines. 

Smgle-stage compressors are made in both the straighlrUne 
and duplex types, the straight-line type being more common. 
Single-stage duplex compressors are like two straight-line com- 
pressors placed parallel to each other and connected to cranks at 
opposite ends of the shaft, the cranks being located 90^ apart. 
Stage compressors are usually of the duplex type, although two- 
stage compressors are also frequently made in the straight-line 
form. 

Besides the types of compressors mentioned above, there are 
those in which the steam engine is compounded. The larger 
sizes of compressors are invariably made with the steam engine 
compounded, and usually the air end is multi-stage. Such com- 
pressors are almost always of the duplex type, with the steam 
engine cros»-compounded, that is, with one steam and one air 
cylinder on each side. 

Air compressors are also classified according to the manner of 
driving, as belt driven, motor driven, and steam driven. Of these, 
the steam-driven ones are most important and are the only ones 
considered in this chapter. 

103. Straight-line Compressors. — A large number of straight- 
line compressors, both single- and tworstage, are used in small 
and medium-size compressor plants. This type of compressor is 
simple in construction, compact, and does not require expensive 
foundations. It has the disadvantage, however, that it is liable 
to stop off center, especially if run at low speed. It is not as 
economical in the use of steam as the duplex type, due to the fact 
that the power required by the compressor is greatest at the time 
that the power delivered by the steam cylinder is least. This 
may be seen from an inspection of Fig. 89, which shows the pres- 
sure at any instant in both the steam and air cylinders. It will 
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be seen from this figure that admission and expansion are occur- 
ring in the steam cylinder while compression and discharge are 
occurring in the air cylinder and that the steam pressure is great- 
est during the first part of the stroke when the least pressure is 
needed for compressing the air and also that the steam pressure is 
least in the last part of the stroke when the air pressure is greatest. 
This makes it necessary to have a heavy fly-wheel on the straight- 
line compressor to store up energy in the first part of the compres- 
sion stroke to be used in the last part when the air pressure is 
greatest. 

104. Duplex Compressors. — ^The distribution of pressures is • 
much better in duplex compressors because the cranks are placed 
90° apart, hence duplex compressors almost always show better 
steam economy than the straight-line type. They may also be 
run at lower speeds without being liable to stop. Even if one 
crank should stop on center the other crank will be oflf center, and, 
by having a by pass so that steam may be turned into either cylin- 
der, the compressor may always be started without first turning 
the fly-wheel. Duplex compressors are more expensive in first 
cost on account of the greater number of parts and, for the same 
reason, the friction loss is somewhat greater. They also require 
more extensive foundations and occupy more room, but even 
with these disadvantages they are more economical than straight- 
line compressors. 

106. Effects of Different Kinds of Compression. — ^The char- 
acter of the compression in an air compressor exerts an impor- 
tant influence upon the amount of power required to run the 
machine. The compression may vary from isothermal, in which 
the temperature of the air does not change during compression, to 
adiabatic, in which the temperature of the air increases a maxi- 
mum amount during compression. These two methods of com- 
pression represent the two extreme conditions imder which the 
compression may occur, and the actual compression may be 
anywhere between them, depending upon the conditions tmder 
which the actual compression occurs. The two extreme condi- 
tions of compression are illustrated in Fig. 90 which shows an 
ideal indicator diagram from a compressor with both the adiabatic 
and isothermal compression lines drawn so that the amount of 
work required to compress the air under both conditions may be 
judged. 

Whether the air is compressed isothermally or adiabatically^ 
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the volume of air taken into the compressor at each stroke is 
represented by KA. If the air is compressed isothermally to 
90 lb. per sq. in. its final volume will be DC and the amount of 
work required to compress and discharge the air is represented by 
the area A CDK. If the air is compressed adiabatically its vol- 
ume at the end of compression will be DB and the work required 
is represented by the area ABDK. 

The amount of work required for compression and discharge is 
greater for adiabatic than for isothermal compression by an 
amount equal to the shaded area of this diagram. The volume 



of compressed air discharged is also greater for the adiabatic than 
for isothermal compression by the volume CB, It might be 
thought, therefore, that there would be no disadvant^e in 
adiabatic compression. It must be remembered, however, that 
at the end of adiabatic compression the temperature of the air 
is much higher than at the end of isothermal compression. When 
the highly heated air resulting from adiabatic compression is 
discharged into the receiver and pipe lines, it cools to the tem- 
perature which it had before compression, and in doing so its 
volume decreases to the amount DC, the same volume it would 
have at the end of isothermal compression, in which there is no 
rise in temperature. Hence, whether the air is compressed adia- 
batically or isothermally, its final volume by the time it is to be 
used will be the same, or the volume DC, and, as more work has 
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been expended in compressing adiabatically than isothermally, 
there is a decided disadvantage in compressing air adiabatically. 
The compression line for an actual air compressor will lie 
between the isothermal and adiabatic lines, but will usually lie 
much closer to the adiabatic than to the isothermal, showing 
that the temperature of the air increases considerably during 
compression but not quite as much as it would if the compression 
were adiabatic. The exact shape of the compression line will 
depend on the amount of cooling which may be secured during 
compression and upon the speed of the compressor. For iso- 
thermal compression the relation between the pressure and vol- 
ume of the air is such that 

PV = constant 

and for adiabatic compression for air this relation is 

pyi-^ss constant 

For ordinary forms of single-state compressors with water jackets 
and medium speeds the relation between the pressure and volume 
of the air during compression is about 

pyi» = constant 
to 

pyi.86 = constant 

In general, the greater the value of the exponent of F, the steeper 
the compression line will be; hence the compression line for an 
actual compressor lies quite close to an adiabatic, as illustrated 
in Fig. 91, and there is considerable loss in power from the heat 
developed in the air during compression. 

106. Stage Compression. — The most .effective and most com- 
mon way of reducing the loss of power from the heat developed 
during compression is to perform the compression in a number of 
stages, cooling the air between the stages. The way in which 
this affects the total compression of the air is shown in Fig. 92 
which represents the compression of air from atmospheric pres- 
sure to 90 lb. per sq. in., being divided into two parts or stages. 
The number of stages that it is desirable to employ depends upon 
the final pressure to which the air is to be compressed. 

In Fig. 92 the line AB shows the actual compression curve if 
performed in a single cylinder or stage, the variation between 
pressure and volume being such that 

P7135 = C 
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which is very nearly an adiabatic compression. The line AC is 
for isothermal compression when performed in a single cylinder 
or stage. Now suppose the total compression were divided into 
two parts or stages and the air cooled between stages to its 
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Fig. 92. 

original temperature. In the first cylinder the air would be 
compressed along the line AF until the pressure F is reached. 
The air, which now has a volume AfF, is then discharged from 
the first cylinder and cooled to its original temperature. Its 
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volume; after cooling, will be MH and this is the volume of air 
taken into the second cylinder. The compression line for the 
second cylinder is represented by HE^ which is very close to an 
adiabatic. 

If an average compression line for the total range of pressure 
be drawn instead of the two compression lines AF and HE it 
will be the Une AL. The total work of compressing the air in 
two stages will then be the area ALDK while compression in a 
single stage would require the work ABDK, When it is remem- 
bered that the final volume of air after cooling in the receiver 
will be the same in either case it will be seen that considerable 
saving may be effected by compressing air in stages instead of 
in a single cylinder. This saving is so pronounced that in com- 
pressing air to even as low a pressure as 70 lb. per sq. in. it pays 
to use a two-stage compressor. 

Besides the advantage in the economy of power required to 
compress air, stage compression also has the advantage that the 
final temperature of the air is much lower than when the total 
compression is performed in a single cylinder. This is important 
because a high final temperature of compressed air sometimes 
causes an explosion of the oils used to lubricate the cylinder and 
such explosions are very dangerous. 

When air is compressed to 80 or 90 lb. per sq. in. in a single 
cylinder the final temperature of the air is liable to be near 400® F. 
unless very effective means are used for cooling it. This tem- 
perature is high enough to vaporize and explode some of the 
poorer grades of oil used for the cylinder lubrication. Explosions 
of this kind may occur in the cylinder, wrecking the compressor, 
or they may occur in the receiver after the air has been discharged 
from the cylinder, thus affecting a larger volume of air and caus- 
ing even greater damage. 

107. Capacity of Compressors. — ^The capacity of one com- 
pressor cannot well be compared with that of another by compar- 
ing the number of cubic feet of compressed air which they will 
deliver per stroke or per revolution, because compressors are used 
to compress air to widely different final pressures and the volume 
of compressed air becomes less as the pressure increases. Nor 
can they be compared upon the basis of the number of cubic feet 
of air taken into the cylinder per stroke because one compressor 
may be operated at sea level where the suction pressure is 14.7 
lb. per sq. in., while another compressor may be operated at a 
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high altitude where the suction pressure is much lower and the 
air has a greater volume per pound. Hence there has arisen the 
use of the term free air which means air at atmospheric pressure, 
14.7 lb. per sq. in., and at a temperature of 60° F. By reducing 
quantities of compressed air to the equivalent number of cubic 
feet of "free air" the capacities of diflferent compressors may be 
compared upon the same basis. 

Example : 

A certain air compressor discharges 60 cu. ft. of air per minute at a gage 
pressure of 70 lb. per sq. in. This compressor takes its supply of air at 14.7 
lb. per sq. in. and at a temperature of 90° F. Another compressor discharges 
50 cu. ft. of air per minute at a gage pressure of 90 lb. per sq. in. This com- 
pressor takes its supply of air at 13.5 lb. per sq. in. and at a temperature of 
70° F. Which of these two compressors has the greater capacity? 

Solution : 

The first compressor discharges air at an absolute pressure of 70+14.7 » 
84.7 lb. per sq. in. The absolute temperature of the air taken into the com- 
pressor is 

460+90=550° 

The absolute temperature corresponding to 60°, the standard temperature 
for "free air," is 

460+60 = 520 

Therefore, for the first compressor the different quantities may be tabulated 
as follows: 

Actual conditions Pi =84.7 Fi=60 7^1=550 
Standard conditions Pa = 14.7 Fa = ? ^1=520 

Placing these quantities in the formula 

PiVi P»Fi 
Ti " r, 

gives 

84.7X 60 14.7F, 

650 " 520 

84.7X60 520 
'^•'" 550 ^14.7 

=326.85 cu. ft. of free air 

For the second compressor the absolute pressure at discharge is 

90+13.5 « 103.5 lb. per sq. in. 

The absolute temperature at suction is 

460+70-530 

Therefore, for the second compressor the different quantities may be tabu- 
lated as follows: 



Placing theee quantities i 


Q the [onuula 




PiV, P,V, 


which gives 


103.5X50 -14.7 XV, 
530 520 




103.5X50 520 
'^'" 630 "14.7 



=345.4 cu. ft. free aii 
Therefore the second compreaaor has the greater capacity. 

Some air-compressor manufacturers give the pistoa displace- 
ment of their compressors instead of stating the actual capacity 
in terms of cubic feet of free air per minute. The piston displace- 
ment is always greater than the actual capacity. 

108. Effect of Altitude. — Air compressors do not produce the 
same results at high as they do at low altitudes because the den- 




sity of (ur is less and the compressor takes in a smaller weight of air 
at each stroke, even though the volume of air taken in is the 
game. The reduction in effective capacity due to altitude is of 
Gonaderable importance because large numbers of air compressors 
are used in mimng operations where the mines are located at high 
altitudes. 
Tlw nduotion in effective capacity due to altitude is shown 
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by Fig. 93 which illustrates two ideal indicator diagrams for two 
compressors of the same size and compressing air to the same gage 
pressure, but working at different altitudes. The volume of air 
taken in, as shown by the length of the suction lines, is the same 
for each compressor, and the final gage pressures P are the same. 
The suction pressure of one compressor is Pi and for the other Pi. 
The final volumes of the air are Vi and Vi corresponding to the 
dotted isothermal curves, these volumes being taken as the basis 
of comparison because they are the ones to which the compressed 
air will eventually shrink on losing the heat of compression. 
Although the two compressors take in the same volume of air and 
compress it to the same gage pressure, it will be observed that the 
compressor working at the higher altitude, and therefore at a 
lower suction pressure, has the smaller capacity. 

The eflfect of altitude upon capacity may be illustrated by a 
simple example. Take the case of two compressors of the same 
size, one operating under an atmospheric pressure of 14 lb. per 
sq. in. and the other at 10 lb. per sq. in. (corresponding to an 
altitude of about 10,000 ft.). If the first compressor is compress- 
ing the air 6 times, the final absolute pressure will be 14X6 = 84 
lb. per sq. in. which corresponds to a gage pressure of 84 — 14 = 70 
lb. per sq. in. To produce the same gage pressure the other com- 
pressor must compress to an absolute pressure of 

70+10 = 801b. persq. in. 

and the number of compressions corresponding to this pressure is 

10 ^ 

For each cubic foot of air taken in, the first compressor will 
produce i cu. ft. of compressed air and the second compressor will 
produce \ cu. ft. Hence, the ratio of the outputs of the two 
compressors will be 

Besides a reduction in capacity, more power is required to 
compress and deliver air at high altitudes than at low ones. The 
heat developed during compression increases with an increase in 
the ratio of the final absolute pressure to the initial absolute 
pressure. As this ratio increases with the altitude, more heat will 
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be developed by compression to a given pressure at high altitudes 
than at low ones. This additional heat, as pointed out earlier 
in this chapter, requires more power for compressing and deliver- 
ing the air. 

109. Efficiency. — ^There are several ways in which the efficiency 
of an air compressor may be stated. Theoretically, the volume 
of air taken into a compressor at each stroke should be equal to 
the piston displacement, but, as pointed out in discussing Fig. 88, 
the volume of air actually taken into the compressor at each 
stroke is always less than the piston displacement. The differ- 
ence is due to the expansion of the air in the clearance space and 
to the fact that the suction pressure is a Uttle less than atmos- 
pheric pressure on accoimt of the tension of the springs on the 
inlet valves, a small amount of pressure being lost in holding the 
inlet valves open against the tension of the springs. The ratio 
of the volume of air in cubic feet actually taken into the compres- 
sor, measured at atmospheric pressure, to the piston displacement, 
in cubic feet, is called the volumetric efficiency. The volumetric 
efficiency of the compressor from which the diagram shown in 
Fig. 88 was taken is the length of the line EF divided by the length 

of the line HGf or 

EF 
Volumetric efficiency = >^ 

The volumetric efficiency measures, in a way, the constructive 
qualities of the compressor, since it depends on the amount of the 
clearance volume and the inlet valves, both of which are features 
of construction. The volumetric efficiency of air compressors 
varies from 80 to 97 per cent. 

The ratio of the work that would be required to compress the 
air isothermally and discharge it at the receiver pressure, to the 
work actually required to compress and discharge it at the 
receiver pressure, is called the effi^ency of compression. This 
efficiency shows how nearly the compression comes to a perfect 
compression, since the isothermal compression represents the 
best that can be done. The efficiency of compression will vary 
greatly in different compressors depending upon the tjrpe and 
care used in building the compressor and also upon the provision 
made for cooling the air during compression. It may be from 
60 to 90 per cent. 

In order to calculate the efficiency of compression an isothermal 
curve must first be drawn on the indicator diagram, beginning 
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at the toe of the diagram and extending up to the discharge 
pressure. This may be done easily by multiplying together the 
pressure and volume at the toe of the diagram in order to find 
the constant in the formula 

PF = constant 

Other points on the isothermal curve may then be found by 
selecting certain volumes and calculating the corresponding 
volume from the formula 

__ constant 

^" V 
y. _ constant 



in which V is the selected pressure. 

The ratio of the work performed in compressing the air to the 
work performed in the steam cylinder, or the work done in driving 
the machine by other means, is called the mechanical efficiency. 
In a steam-driven compressor it is the ratio of the area of the 
indicator diagram from the air cylinder to the area of the indicator 
diagram from the steam cylinder. If there were no friction in 
the machine this eflSciency would be 100 per cent. The difference 
between the work performed in the steam cylinder and that 
performed in the air cylinder represents the work lost in friction. 
In well built air compressors the mechanical efficiency will be 
from 85 to 90 per cent. 

The total effi^ency of an air compressor is the product obtained 
by multiplying together its volumetric efficiency, efficiency of 
compression, and mechanical efficiency. It varies from 50 to 
80 per cent. 

QUESTIONS 

129. Why is it necessary to have a heavy fly-wheel on a straight-line 
compressor? 

180. What is the effect of clearance upon the operation of an air com- 
pressor? Explain how the clearance produces this effect. 

181. Why is it desirable to have weak springs on the inlet valves of a 
compressor? 

182. How many foot-pounds of work are required to compress one cubic 
foot of air from atmospheric pressure to 70 lb. per sq. in. gage pressure if the 
compression is isothermal? How many foot-pounds of work would be 
required if the compression were adiabatic? 

21 
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188. It will be observed from Question 132 that there is only a small differ- 
ence in the amount of work required to compress air isothermally and adia- 
batically. Why then is there a very decided advantage in compressing air 
isothermally? 

134. Why does a water jacket produce only a small amount of cooling 
during compression? 

136. Why is there a decided advantage in compressing air in stages? 

186. What is the effect of altitude upon the operation of a compressor? 
Explain how altitude produces this effect. 

187. The indicator diagram shown in Fig. 89 was taken from an air com- 
pressor whose steam cylinder is 20 in. in diameter, air cylinder 22 in. in 
diameter, and a common stroke of 24 in., running at 110 r.p.m. Calculate 
the I.H.P. of both the steam and air ends of the compressor. What is the 
mechanical efficiency of this compressor? 

138. Determine from Fig. 89 the volumetric efficiency of the compressor. 

189. An air compressor takes its supply of air at a temperature of 96** F. 
and a pressure of 13.6 lb. per sq. in. and compresses it to 80 lb. per sq. in. 
gage pressure. This compressor discharges 1200 cu. ft. of compressed air 
per minute. What is the capacity of the compressor expressed in cu. ft. 
of free air per minute? 



CHAPTER XIV 

GAS ENGINES 

110. The Gas Engines. — The term gas engine is a name apn 
plied not only to engines which use gas as a source of energy, but 
also to several varieties of engines which use various liquid fuels 
as a source of energy. Some of these liquid fuels are gasoline, 
kerosene, alcohol, and various kinds of heavy oils obtained from 
crude petroleum. All of these kinds of engines, however, are 
alike in principle because, after all, they are all really gas engines, 
since those which use liquid fuel vaporize the fuel before using 
it, which changes it from a liquid to a gas. 

Besides the various kinds of liquid fuel used in gas engines there 
are also various kinds of gaseous fuels used. Some of the gases 
commonly used are illuminating or ordinary ''coal" gas, natural 
gas, producer gas, water gas, and blast-furnace gas. Space does 
not permit a description of these various gases here further than 
to say that they differ greatly from one another in the amount of 
heat which they liberate when burned. The student is referred 
to books treating of gas engines for more detailed information 
about these gases. 

The general proportions of engines for using these different 
gases differ from one another but the different gases undei^o the 
same treatment in the gas engine; that is, the gas is mixed with a 
quantity of air and drawn into the cylinder. The object in mix- 
ing the gas with air is to supply enough oxygen to obtain complete 
combustion of the gas. Since the various kinds of gas have dif- 
ferent compositions, they require different amounts of air to ob- 
obtain complete combustion. After the mixture of gas and air 
is taken into the cylinder of the engine it is compressed, ignited 
and burned. The burning proceeds very rapidly in the intimate 
mixture of gas and air, and for that reason the burning is called 
an explosion. 

When the gas burns or explodes in the cylinder of a gas en^ne 
it liberates a large amount of heat within a small space (since the 
gas is compressed), and this raises the temperature of the gases 
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in the cylinder to a very high degree. Since the burning of the 
gas and liberation of heat takes place almost instantly, the 
increase in temperature of the gases occurs at practically constant 
volume; hence the pressure of the gases increases greatly and 
forces the piston forward, thus causing it to perform work. 

The operation of most gas engines which use liquid fuel is the 
same as those which use gaseous fuel, except in the method of 
introducing the fuel into the cylinder. In the engine using gas, 
the gas is drawn directly into the cylinder, while in some engines 
using liquid fuel the supply of air is drawn through a device 
called a carburettor, which contains the liquid fuel, such as gaso- 
line. The air in passing over the liquid fuel vaporizes a part of 
it, changing it into a gas and mixing it with air. The mixture 
of air and fuel is then drawn into the cylinder and used in a simi- 
lar manner to that described for engines using gas for a fuel. 
Only those liquid fuels which vaporize easily such as gasoline, 
alcohol, and kerosene, can be used in a carburettor. 

Those engines using heavier oils which vaporize less easily, 
generally have the liquid fuel, together with sufficient air, pumped 
into the cylinder, which it enters in the form of a spray. The 
spray strikes a hot metal surface in the cylinder and is vaporized. 
It is then compressed, ignited, and exploded. 

It has been shown above that power is obtained from the gas 
engine by causing gases to explode behind the piston and produce 
a pressure which moves the piston, the hot gases expanding mean- 
while. The series of operations which occur in the cylinder 
consists of taking in a charge of gas or fuel, compressing and 
exploding it, then expanding the burnt gases, and finally discharg- 
ing them from the cylinder. This series of operations is called 
a cycle and gas engines are named according to the number of 
strokes which the piston makes while this series of operations, 
or the cycle, is being performed. On this basis there are two 
kinds of gas engines, called respectively two^troke cyde engines, 
which require two strokes or one revolution to complete the cycle, 
alid four-stroke cyde engines^ which require foiu* strokes or two 
revolutions to complete the cycle. The two kinds of engines are 
commonly spoken of as simply iwo-cyde and four-cycle engines. 

Ill, Four-cycle Engines. — Any gas engine consists of four 
principal parts. These are a cylinder in which the gas is exploded, 
a piston for receiving the force of the explosion, a connecting rod 
for transmitting the motion of the piston to the cranki and a crank 
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which turns the shaft of the engine. Besides these there are sev- 
eral minor parts for operatii^ the valves and governor. 

A small, vertical, four-cycle gas engine is illustrated in Fig. 
94, These en^nes are nearly always single acting, that is, 
exploding the gas on only one side of the piston, and they are as 
often made in the horizontal as in the vertical type. The valves 
of this engine are located in the head of the cylinder. There 
are two valves, one for admitting the gas, called an inlet valve, 
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and the other for discharging the burnt gas, called an exhaust 
valve. Both are of the mushroom type with bevelled edges 
which rest on bevelled seats as shown in the illustration. They 
are normally held closed by coil spnngs around their stems and 
are opened by means of rocker arms connected to push rods. The 
push rods have rollers on their lower ends which bear agtunst 
two cams, one to operate the inlet valve and the other one to 
operate the exhaust valve. Since each valve opens but once in 
four strokes or two revolutions, the cam shaft is run at half 
the speed of the engine shaft by two gears, one of which has twice 
as many teeth as the othw. 
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As the temperature resulting from the explosion of the gas is 
near 3000® F., which would soon heat the cylinder red hot and 
destroy its polished surface, the barrel of the cylinder and also 
the parts of the cylinder head surrounding the valve chambers 
have a hollow space called a water jacket surrounding them 
through which water is circulated to prevent the cylinder and 
valves from becoming overheated. The cylinder is also provided 
with a spark plug by means of which an electric spark is made in 
the cylinder at the proper instant and the charge of compressed 
gas is thus ignited and exploded. 

The four-stroke cycle of operations occurs in the following order: 
At the beginning of the cycle the piston of the engine shown in 
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Fig. 94 is at the end of its stroke and is at the top of the cylinder. 
The inlet valve opens at this instant and the piston moves down- 
ward, drawing a charge of gas and air through the mixing valve 
into the cylinder. The inlet valve remains open throughout the 
downward stroke of the piston. This stroke is called the siuiion 
stroke. An indicator connected to the cylinder would draw a 
line on the indicator diagram during the suction stroke similar 
to that shown in Fig. 95. It will be observed that during the 
suction stroke the pressure of the gas being drawn into the cylin- 
der is a little less than atmospheric pressure on account of the 
tendency to create a vacuum by the downward moving piston. 

At the end of the downward stroke the inlet valve is closed and 
remains closed until the next suction stroke. The cylinder is 
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now filled with a mixture of gas and air and both the inlet and 
exhaust valves are closed. The piston then moves upward and 
compresses the mixture or charge into the clearance volume, the 
pressure of the charge increasing as its volume decreases. This 
stroke of the piston is called the compression stroke. The com- 
pression stroke is shown on the diagram in Fig. 96. 

Since the speed of gas engines is high, the strokes are made 
quickly and, although the cylinder is water jacketed, the cooling 
effect upon the charge is small, hence the compression of the mix- 
ture is practically adiabatic. Even though the temperature of the 
charge is normal room temperature when taken into the cylinder, 
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its temperautre is greatly increased by adiabatic compression. 
At the end of the compression stroke the clearance space is filled 
with a mixture of gas and air at a high pressure and high 
temperature. 

At the beginning of the compression stroke the volume of the 
mixture in the cylinders is equal to the piston displacement plus 
the clearance volume, and at the end of the compression stroke the 
volume occupied by the charge is equal to the clearance volume, 
hence it must be evident that the pressure reached at the end of 
the compression stroke, and therefore, also the temperature of the 
compressed charge, depends' upon the size of the clearance space as 
compared with the piston displacement. The pressure (and 
temperature) to which compression should be carried depends 
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upon the kind of fuel used. Different fuels ignite at different 
temperatures. If the compression pressure is carried too high 
the fuel will be ignited before the end of the compression stroke. 
For this reason the ratio between the size of the clearance space 
and piston displacement is different for engines using different 
fuels. For gasoline, the clearance space amoimts to about 30 or 
35 per cent, of the piston displacement. 

At the end of the compression stroke (or slightly before) the 
compressed charge is ignited and it burns almost instantly, or 
explodes. The burning of the charge liberates the number of heat 
imits contained in the charge, and the presence of this heat fur- 
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ther increases the temperature of the gases in the cylinder, thereby 
causing a sudden increase in pressure as shown in Fig. 97. Since 
the increase in temperature at ignition occurs at constant volume, 
it may be calculated by the following formula: 



h = 



B.T.XL 



Hi 



in which ta = final temperature of the gas after ignition 

fi = temperautre of gas at end of compression and be- 
fore ignition 
W = weight of gas in cylinder 
B. T. U. = heat liberated by the combustion of the charge of gas 
Cv = specific heat of the burnt gases at constant volume. 
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Since the increase in pressure at this point occurs at constant vol- 
ume, it will be in proportion to the increase in absolute tempera- 
ture of the gases, or 

P2 460 +<2 
Pi ""460+^1 

in which Pi and Pg are the absolute pressures before and after the 
explosion and h and ^2 are the corresponding temperatures on the 
Farhenheit scale. 

It will be observed from the formulas above that a high tempera- 
ture of the gases after explosion will be obtained when their 
temperature before explosion is also high. Since the efficiency of 
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the engine depends upon the maximum temperature obtained in 
the cylinder, it is self-evident that a high compression is an ad- 
vantage; but, as mentioned before, the kind of fuel sets a limit to 
the compression pressure that may be used. On account of these 
facts, the most efficient engines are those which carry the com- 
pression as high as possible without causing premature explosion. 
The piston is now forced downward upon its expansion or work- 
ing stroke by the high pressure of the gases behind it. This 
stroke is sometimes called the power stroke, since it is the only 
one of the four strokes of the cycle in which power is developed, 
or work is performed upon the piston. As the piston moves 
downward the volume of the gases is increased and their pressure 
diminished, as shown in Fig. 98. Just before the end of this 
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stroke the exhaust valve is opened and the pressure in the cylinder, 
which is now about 50 or 60 lb. per sq. in., drops to about at- 
mospheric pressure. The expansion of the gases during the 
working stroke is practically adiabatic for the same reasons that 
the compression is nearly adiabatic. During the adiabatic ex- 
pansion of the gases their temperature falls considerably. 

The cycle is completed by the next stroke of the piston, which 
is an upward stroke, during which the exhaust valve remains 
open ajttd the spent gases are expelled from the cylinder. This is 
called the exhaust stroke, and it is shown in Fig. 99 which also 
shows the complete indicator diagram for the four-stroke cycle. 
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112. The Two-cycle Engine. — ^The two-cycle gas engine is 
somewhat simpler than the four-cycle engine because there are 
no inlet and exhaust valves, with their operating mechanism. 
The piston itself acts as both inlet and exhaust valves by sUding 
over ports in the side of the cylinder, opening and closing them at 
the proper time to admit and exhaust the gases. 

One form of two-cycle engine that is commonly used for driv- 
ing laimches and other small craft is illustrated in Fig. 100. This 
engine has the same principal working parts as the four-cycle 
engine, that is a cylinder, piston, connecting rod, and crank, and 
the cylinder is water jacketed in a similar manner. This engine 
is also single acting, like the four-cycle engine. The crank 
case of the two-cycle engine, however, is entirely enclosed and 
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made gas-tight so as to form a reservoir or storage space for the 
gas before it is admitted to the cyUnder. 

In the two-cycle engine the four necessary operations — suction, 
compression, expansion, and exhaust — are performed in two 
strokes or one revolution. Compression and expansion each 
require a separate and full stroke: therefore the gaa must be got 
into the cylinder and discharged without the piston making a 
stroke, if the engine is to operate upon a two-stroke cycle. This 
result is accomplished by first slightly compressing the mixture of 
gas and fdr into the crank case, then at the end of the expansion 
stroke the fresh charge of gas is blown into the cylinder and the 
q}ent gaa blown out. When the piston moves upward a partial 
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vacuum is created in the crank case, and this draws in a charge of 
gas and air through the check valve. At the end of this stroke 
the spring on the check valve closes it and the mixture of gas and 
air ia then confined to the crank case. The downward stroke 
compresses the mixture in the crank case. 

For the operations occurring above the piston, the upward 
stroke is the compression stroke, and the downward stroke is the 
expansion stroke. Just before the piston reaches the end of the 
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expansion stroke it uncovers the exhaust port, and the burnt 
gases, which still have considerable pressure, shoot out of the 
cylinder. A further downward movement of the piston then 
uncovers the transfer port, which connects the cylinder with the 
crank case, and a fresh charge of gas is blown into the cylinder. 
As it enters it strikes a projection on the piston, called a deflector, 
which deflects the gas upward and makes it strike the cylinder 
head. It is then deflected downward and completely fills the 
cylinder, crowding the spent gases out through the exhaust port. 
The next upward stroke of the piston first closes the transfer and 
exhaust ports and then compresses the fresh charge of gas into 
the clearance space of the cylinder. Ignition occurs at the end of 
the compression stroke, as in the four-cycle engine, and this is 
followed by expansion of the highly heated gas. The shape of the 
indicator diagram from the two-cycle engine is the same as that 
for the four-cycle engine except that it does not have the two 
straight lines representing suction and exhaust. 

113. Comparison of Cycles. — ^Both the four-cycle and the two- 
cycle gas engines have their good and their bad features. The 
four-cycle engine is more complicated and the moving valves 
cause trouble at times. Its piston receives only one impulse in 
four strokes, which causes the speed to be irregular and makes 
necessary the use of several cylinders or large and heavy fly- 
wheels to store up energy dining the power strokes. 

The two-cycle engine has better speed regulation on account of 
every other stroke being a power stroke, but it, too, requires a 
fly-wheel to smooth out the speed variations. The spent gases 
are not expelled from the two-cycle engine as thoroughly as from 
the four-cycle engine, because there is no separate exhaust stroke. 
There is also some waste of the fresh gas by blowing through from 
the inlet to the exhaust opening. 

114. Ignition. — ^There are two common systems of igniting 
the charge in a gas engine, both depending upon an electric spark 
inside the cylinder. These two systems are called the mahe-and- 
break system and the jump-spark system. In the make-and- 
break system there are two contact points ipside the cylinder, one 
of which is movable. The movable contact point first comes in 
contact with the stationary one and completes, or " makes," the 
electric circuit. At the proper instant the movable contact point 
is moved away from the stationary one, breaking the circuit and 
producing a sharp electric spark, which ignites the compressed 
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charge of gas. The principal objectioas to this system is that a 
movable part extends through the cylinder and is apt to cause 
trouble. 

There are no movable parts extending through the cylinder in 
the jump-spark system. A stationary spark plug, shown in 
Fig. 101, is screwed into the cylinder and the electric spark is 
made between the two points at its end. These points are sepsr 
rated a short distance apart and the wire leading through the 
plug to the right-hand one is insulated. The other point is 
connected directly to the metal part of the plug which screws into 
the cylinder. One wire leading to the plug is con- 
nected to the terminal at the outer end of the plug 
and the other is connected to any part of the engine 
frame. The spark is made by passing a current of 
electricity through a high-voltage coil which coa- 
tdns a vibrator. An armature placed on the 
shaft makes and breaks the circuit at the proper 
instant, causing a spark to jump between the points 
of the spark plug. The principal objection to 
this system is that the spark points are apt to 
become fouled by a deposit of carbon from the ex- 
ploding gases. 

Some endues, especially those using the heavier 
oils for fuel, depend for ignition upon the high p^^ ^q^ 
temperature of the metal parts of the cylinder 
being in contact with the gas at the high temperature pro- 
duced by compression. One make of engine, the Diesel type, 
compresses the fdr separately, the ur being compressed in 
the cylinder to a pressure of about 500 lb. per sq. in. and a 
temperature of about 1000° F. At the end of the compres- 
aon stroke the liquid fuel is sprayed into the cyhnder and the 
high temperature of the compressed air ignites it. The oil ia 
sprayed in gradually for about 10 per cent, of the working stroke, 
hence the combustion is gradual and there is no explosion and 
sudded rise of pressure as in the ordinary form of gas engine. 

116. Governing. — The power of au engine must be controlled 
to agree with the load under which it is operating; otherwise the 
engine will speed up when the load is light and slow down when 
the load is heavy. Since the power of a gas engine is derived from 
the fuel, the lo^cal way of controlling its speed is to control the 
■upply of fuel. There are various ways of accomplishing this 
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purpose but they may all be grouped into two methods called the 
hit-or-miaa and the throttling methods of governing. 

The hit-or-miss method of governing consists in causing the 
engine to fail to take in a charge of fuel as long as the speed is too 
high. This is accomplished by having the governor connected 
in such a way that the inlet valve is not opened when the speed is 
too high^ but it opens in the regular manner when the speed 
is normal or is too low. This method of governing does not give 
very close speed regulation, especially when used with the four- 
cycle engine, because in this case, if the engine fails to take in a 
charge it must make three more strokes before it has another 
opportunity to receive fuel, and in the meantime the speed may 
have dropped too low. 

The throttling method of governing consists in taking in a 
charge of gas each time but varying either the amount of the 
charge or the amount of fuel in the charge to suit the load which 
the engine is carrying. Somewhat better results are ohtained by 
varying the amount of the charge rather than its strength, because 
a wide range of speed variation may be controlled in this way, 
whereas if the charge is weakened very much it will fail to ignite 
and the charge will be lost. Varying the amount of the charge 
has the objection that a small charge lowers the compression 
pressure and thus gives lower efficiency of the engine. 

116. Horse-power. — ^The indicated horse-power of a gas engine 
may be obtained from the indicator diagram in a similar manner 
to that described for steam engines and air compressors. The 
formula used for calculating the I.H.P. is 

T n P - ^^^ 
^•^•^•"33,000 

in which P = the mean effective pressure in lb. per sq. in. meas- 
ured from the indicator diagram 

Z= the length of stroke in feet 

a = the area of the piston in sq. in. 
and n = the number of explosions occurring per minute 

In this formula the number of explosions per minute is taken 
instead of the number of revolutions per minute, because power 
is developed only when there is an explosion. Since gas engines 
are generally single acting, the above formula gives the total 
I.H.P. of the engine. 
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The brake horse-power is a more useful measure of the power of 
a gas engine than the indicated horse-power, because it measures 
the useful output of the engine or the power available at the fly- 
wheel. The brake horse-power is measured by a friction brake, 
the same as for a steam engine, and it is calculated in the same 
way. 

A gas engine should be rated according to its brake horse-power, 
since this is the useful power which it will deliver. If a gas 
engine were rated at its capacity when taking a full charge each 
time, it would be developing its maximum power and any addi- 
tion to the load would stall it, or it would have no overload 
capacity, as steam engines have. For this reason it is customary 
to rate a gas engine at | of its maximum power, or, if operated 
with a hit-or-miss governor, when there are 5 explosions in 6 
cycles. The maximum power is then i of its rated power, or it 
has an overload capacity of 20 per cent. 

117. Efficiency. — It has been pointed out in a previous chapter 
that the efliciency of the steam engine is rather low, that is, the 
steam engine changes into work only a small proportion of the 
energy in the steam supplied to it. On this basis of calculating 
efliciency the highest efliciency that may be hoped for in the steam 
engine is only about 20 per cent., and most steam engines show 
an efliciency considerably lower than this. If we consider the 
efliciency of the steam engine to be the ratio of the work performed 
by the engine to the energy in the fuel the efficiency will be very 
low. 

The efficiency of the gas engine is much higher than that of 
the steam engine, principally because the fuel is burned and the 
heat developed directly in the engine itself, thus avoiding the 
losses which would occur in generating the heat at one point and 
transmitting it to another point to be utilized. As shown before, 
the efficiency of any engine is proportional to the range of tem- 
perature through which it works. The maximum temperature 
after explosion is about 3000^ F. and the temperature of the ex- 
haust is about 1000^ F., giving a range of 2000^. Comparing 
a steam engine on the same basis, the maximum temperature is 
about 401** F. for 250 lb. per sq. in., and the temperature of ex- 
haust may be as low as 101^ F., giving a range of about 300^. 
It will thus be seen that the gas engine works through a much 
greater range of temperature than the steam engine, consequently 
its efficiency is much higher. 

The efficiency of a gas engine should be taken as the ratio of 



224 HEAT 

the brake horse-power (expressed in B.T.U.) to the amount of 
heat energy contained in the fuel, the brake horse-power being 
taken because this is the useful output of the engine. The horse- 
power output and the heat energy input should be taken for the 
same length of time, as a minute or an hour. 

The principal losses of energy occurring in the gas engine are 
the large loss of heat in the exhaust, and the somewhat smaller 
loss of heat carried away in the jacket water. The large loss of 
heat through the jacket water is made necessary by the fact 
that the metal of the cylinder cannot stand the high temperature 
developed by the burning fuel and it is necessary to cool it to a 
considerable extent. The rather large amount of heat contained 
in the exhaust gases is due to their incomplete expansion which 
leaves them under pressure and at a rather high temperature at 
the time the exhaust valve opens. 

QUESTIONS 

140. Describe the two-stroke cycle and the four-stroke cycle. 

141. Compare the advantages and dis^vantages of these two cycles. 

142. Why should an engine using alcohol for fuel be called a ''gas engine"? 

143. What determines the amount of clearance volume which a gas engine 
should have? 

144. What is the object in compressing the gases supplied to a gas engine? 
146. What limits the pressure to which the gases may be compressed? 

146. Why is the thermal efficiency of a gas engine greater than that of a 
steam engine? 

147. A card from an 8i"Xl4" single-acting four-cycle gas engine has an 
area of .9 sq. in. and its length is 3 inches. Spring used in the indicator, 
No. 240. The engine runs 225 R.P.M. and makes 100 explosions per minute. 
There is a Prony brake on the engine, the length of the brake arm being 
63 in. and the net weight on the brake 42 lbs. Find the indicated horse- 
power and the brake horse-power of the engine. 

148. A gas engine uses .9 pounds of gasoline per hour, having a heating 
value of 19,000 B.T.U. for each brake horse-power developed. The friction 
loss in the engine is 2700 B.T.U. What is the fuel consumption per indicated 
horse-power per hour? 

149. 16 lbs. of air are mixed with each pound of gasoline used in the above 
engine. The exhaust temperature is 850^ F. and the outside temperature is 
90° F. How many heat units are lost in the exhaust per B.H.P. per hour? 
What per cent, of the heat supplied to the engine is lost in the exhaust? 
(Assume the specific heat of the exhaust gases the same as that for air.) 

160. The jacket water enters at a temperature of 60° F. and leaves at a 
temperature of 150° F. The weight of the jacket water is 85 lbs. x)er B.H.P. 
per hour. How much heat is carried away in the jacket water per B.H.P. 
per hour? What per cent, of the heat supplied to the engine is lost in the 
jacket water? 



CHAPTER XV 
REFRIGERATION 

118. Process of Refrigeration. — ^The method of keeping food 
cool in the ordinary household refrigerator is familiar to all of us. 
The cooling is done by a block of ice placed in one part of the re- 
frigerator, the food being in another part. In some refrigerators 
the interior compartments are arranged so there will be a definite 
circulation of air; the air coming in contact with the ice is cooled 
and drops to the bottom of the refrigerator. It then rises to the 
top again as it gradually becomes warmer. 

Refrigeration, or cooling, is the reverse of heating. In heating, 
a body at a high temperature such as a radiator gives up heat; in 
cooling, a body at low temperature such as a block of ice absorbs 
heat. The block of ice in a refrigerator absorbs heat from the air 
and food and, since the ice is usually at 32^ F., its melting point, 
a part of it melts when it absorbs heat. If the ice happens to be 
below 32** F., the heat which it absorbs first raises its temperature 
to 32** F. and then begins to melt it. The water resulting from 
the melting ice has a temperature of 32° F. but in trickling over 
surfaces of the refrigerator and being drained out of it, it comes 
in contact with the air inside the refrigerator, and its temperature 
is raised a few degrees above 32** F. 

The latent heat of ice is 142 B.T.U. per poimd, so that for 
every pound of ice melted 142 B.T.U. must be absorbed. The 
total heat absorbed from the refrigerator will be the sum of that 
absorbed in heating the ice up to its melting point, in melting the 
ice, and in heating the water resulting from the melting ice from 
32° up to the temperature at which it leaves the refrigerator. 
For example, a 5(>-poimd block of ice having a temperature of 24° 
F. is placed in a refrigerator and in a certain length of time 2^ 
pounds of the ice are melted, the water resulting from the melting 
ice leaving the refrigerator at a temperature of 40° F. Since the 
82 225 
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specific heat of ice is .5, the amount of heat absorbed in raising 
the 50-pound lump from 24** to 32° is 

.5X50X(32-24) 
= .5X50X8 
= 200B.T.U. 

Ordinarily ice has a temperatiu*e of 32° F. unless it is used on a 
very cold day, when its temperature may be below 32° F. In 
melting, the ice absorbs 

2iXl44=360B.T.U. 

Since the specific heat of water is 1.0, the amount of heat absorbed 
by the water when its temperature increases from 32° to 40° is 

1.0X2i(40-32) 
= 1.0X2iX8 
= 12B.T.U. 

and the total heat absorbed from the refrigerator in this length of 
time is 

200+360+12=572 B.T.U. 

Even though refrigerators are built of more or less non-con- 
ducting substances there is a constant leakage of heat through 
them from the outside, where the temperatiu*e is higher, to the 
inside, where the temperature is lower. The heat that leaks into 
the refrigerator in this way warms the air inside, and, in cooling 
the air, the ice absorbs this heat. Besides the leakage of heat 
through the walls of the refrigerator, there are other sources of 
heat such as the leakage of warm air into the refrigerator when the 
doors are opened, and the placing of comparatively warm food- 
stuffs in the refrigerator to be cooled. 

Ice has been used to a considerable extent in the past for cool- 
ing cold-storage compartments, but this method of refrigeration 
is not well adapted to this purpose because many kinds of food 
stuffs require a lower temperature than can be produced by melt- 
ing ice. At the present time ice is used in a few cold-storage 
houses for keeping butter and eggs, but the majority of them are 
cooled by some mechanical system of refrigeration. Ice is used 
extensively at the present time for cooling refrigerator freight 
cars in shipping meat, fruit, and vegetables. For this purpose 
the ice is placed in a compartment in one end of the car, and the 
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food-stuffs fill the balance of the car. The walls and doors of the 
car are lined with non-conducting material to reduce the leakage 
of heat into the car. 

Temperature lower than 32® P. may be obtained by mixing 
common salt with cracked ice. The theory of this is that the 
presence of the salt lowers the melting point of the ice, hence, the 
ice being at 32**, is considerably above its melting point and melts 
very fast. In melting, the ice must absorb its latent heat, there- 
fore the rapid melting of the ice caused by the presence of salt 
produces a rapid cooling effect. A familiar example of cooling 
by this method is found in the ordinary ice-cream freezer where the 
cream to be frozen is placed in a tin vessel and this is placed in the 
center of an outer vessel, usually of wood. The space between the 
two vessels is then filled with a mixture of salt and cracked ice 
which produces a temperature low enough to freeze the cream. 

Mixtures of various kinds of salt with ice are used for producing 
low temperatures for experimental purposes^ but the use of this 
method is not practical for cooling on a large scale for commercial 
purposes, on accoimt of the cost of the salts used in making the 
freezing mixture. The fact that ice alone will not produce 
temperatures below about 32® F. and the excessive cost of making 
freezing mixtures have brought about the development of various 
mechanical systems of refrigeration by means of which lower 
temperatures than 32® F. may be produced. These systems are 
now very widely used for refrigerating cold storage compartments 
and for making ice. The two principal systems of mechanical 
refrigeration are known as the compression system and the ab- 
sorption system, 

119, Compression System. — ^There are three types of compres- 
sion refrigeration systems differing from each other in the sul> 
stances used for producing the refrigerating effect. These sub- 
stances are ammonia, carbon dioxide, and sulphur dioxide. The 
ammonia system is used almost exclusively in commercial work, 
for reasons which will be discussed later, and this is the system 
which will be described here. 

A simplified diagram of an ammonia compression refrigeration 
QTstem is shown in Fig. 102. This system consists of only three 
parts: an ammonia compressor, P, a condenser, K, and an 
evaporator or cooler, V. The compressor resembles an air com- 
pressor in construction, having spring-controlled suction and dis- 
cbarge valves for each end of the cylinder. The compressor is 
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driven by a steam engine, or other source of power, not shown m 
the diagram. The compressor shown here is double acting, 
although many of them are built single acting. 

The form of condenser shown here consists of a coil of pipe 
immersed in a tank of water. A constant stream of water is 
passed through the tank, entering at A and leaving at B. The 
cooler also consists of a coil of pipe in a tank but in this case brine, 
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which has a lower freezing point, is circulated through the tank 
instead of water, the brine entering at E and leaving at P. 

The path of the anmionia through the system is indicated by 
the arrows in Fig. 102. Starting at the compressor, saturated 
ammonia vapor is compressed to a high pressure and discharged 
into the condenser through the pipe C. Suppose the compressor 
delivers the ammonia to the condenser at a gage pressure of about 
137 lb. per sq. in. Reference to the table of " Properties of Satu- 
rated Anmionia Vapor" in Chapter IX will show that the boiling 
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temperature of ammonia at this pressure (152 lb. per sq. in. 
absolute) is 79.3® F.; therefore, if the ammonia vapor is cooled 
below this temperature, it will condense and form liquid ammonia. 
A supply of water cooler than 79.3** F. is easily obtained; hence 
the ammonia may be liquefied in the condenser by passing it into 
a coil immersed in running water. The liquid ammonia then 
collects in the bottom of the coil, above the valve R, The liquid 
ammonia occupies much less space than the vapor from which it 
was formed, hence the pressure in the condenser would drop if it 
were not for the fact that the compressor runs continuously, 
pumping ammonia into the condenser and keeping up the pres- 
sure. The bottom of the condenser, therefore, contains liquid 
ammonia at a gage pressure of 137 lb. per sq. in. and a temperature 
a little below its boiling point, 79.3** F. 

The suction side of the compressor is connected with the evapo- 
rator or cooler, F, by the pipe, G, and the pressure in the evapo- 
rator will be the same as the suction pressure of the compressor, 
say about 23 lb. per sq. in. gage. 

The valve /2, called an expansion valve, is placed between the 
condenser and the evaporator to regulate the flow of ammonia 
into the evaporator. The pressure above this valve is compara- 
tively high, about 137 lb. gage, and below the valve it is compara- 
tively low, about 23 lb. gage. The boiling temperature of am- 
monia at 23 lb. gage (38 lb. absolute) is 10** F. and, as the ammo- 
nia in the condenser is considerably above this temperature 
(79.3** F.), any ammonia passing the expansion valve, R, boils 
and is quickly evaporated. Since the liquid ammonia is at 79** 
F. and its boiling point is now 10** F., some of it will immediately 
evaporate and cool the rest of the liquid to 10** F. The remainder 
must then absorb its latent heat from some other source before 
it can evaporate. The anmionia takes up this heat from the 
brine which surrounds the coil in the evaporator, and in so doing 
reduces the temperature of the brine. The cooled brine is then 
pumped through pipes located in the compartments to be cooled, 
where it takes up heat, and is circulated back through the evapo- 
rator to be cooled again. 

The ammonia in the evaporator is in the form of a vapor at low 
pressure and temperature, and at each stroke of the compressor 
some of this vapor is taken into the cylinder and compressed to a 
high pressure. The offlce of the compressor is, therefore, merely 
to circulate the ammonia and to raise its pressure so the heat 
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can be removed from the ammonia at a higher temperature, the 
real refrigerating effect being produced by passing the ammonia 
through the expansion valve. 

The pressures and temperatures stated above have been used 
only for illustration. The actual pressures to be used would 
depend on the conditions at the plant and would be varied to suit 
the temperature of the supply of water for the condenser and the 
temperature desired in the evaporator. The discharge pressure 
must always be high enough to produce a temperature above that 
of the condensing water, in order that the anmionia may be 
liquefied in the condenser. The suction pressure must be regu- 
lated to suit the lowest temperature desired. The suction and 
discharge pressures are controlled by the speed of the compressor 
and by the amount of ammonia which is allowed to pass the 
expansion valves, and these are regulated to suit the conditions 
under which the plant is operating. 

The refrigerating system described above and illustrated in 
Fig. 102 is called an indirect system because the refrigerating effect 
is carried to the room to be cooled in an indu-ect manner, that is, 
by first cooling brine and then carrying the cooled brine to the 
point desired. A direct system is one in which the cooling coils 
are located directly in the room to be cooled and the refrigerating 
effect applied directly. 

120, The Absorption System. — If ammonia is brought in con- 
tact with cold water, the water will absorb large quantities of it. 
It is possible for water to absorb as much as 1000 times its volume 
of anmionia vapor. Warm water, however, will absorb only a 
small quantity of ammonia. The amount of ammonia that may 
be held in solution depends upon the temperature of the water, 
being large for a low temperature and smaller for a higher tem- 
perature. It thus happens that if ammonia vapor is brought in 
contact with cold water the ammonia will be absorbed and if the 
water is afterward heated the ammonia will be driven out of 
solution. 

The above peculiar properties of ammonia form the basis of the 
absorption system of refrigeration. The absorption i^stem 
differs from the compression system in not having a compressor, 
but it resembles the compression system in having a condenser, 
cooler, and expansion valve. The duty of the compressor is 
performed, in the absorption system, by two pieces of apparatus 
called respectively an absorber and a heater. In the absorber 
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the low-pressure ammonia vapor coming from the cooler is brought 
into contact with cold water or a weak solution of ammonia in 
cold water, which absorbs the ammonia. The solution, which is 
now strong, is then passed into the heater where it is heated by 
means of steam coils. Heating the strong solution drives out the 
ammonia vapor which b then passed into the condenser and 
liquefied the same as in the compression system. The pressure 
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of the ammonia vapor driven out of solution in the heater depends 
upon the temperature to which the strong solution is heated, 
since the pressure of ammonia vapor depends upon its temperature. 
An absorption system of refrigeration is shown diagrammatically 
in Fig. 103. The condenser is shown at C, the expansion valve 
at R, and the brine cooler at V, these parts of the system being 
the same as in the compression system. The absorber is shown 
at (?. The ammonia vapor coming from the cooler is passed 
through the pipe jS into the absorber, where it comes in contact 
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with the weak solution and is absorbed. The absorber contains 
a coil, AB, through which cold water flows in order to cool the 
weak solution, thereby enabling it to absorb a larger quantity 
of ammonia vapor. The strong solution is drawn from the bot- 
tom of the absorber by the pump, P, which forces it through the 
vessel, r, and into the heater, K. The heater contains a steam 
coil, DH, for heating the strong solution and thus driving out 
the ammonia vapK)r. Tha ammonia vapor then passes into the 
condenser, is liquefied, and passes through the expansion valve 
into the cooler, the same as in the compression system. This 
completes the circuit of the ammonia through the refrigerating 
system. 

The piece of apparatus marked T is called an exchanger, and, 
while it is not essential to the absorption system, it is always used 
because it saves heat which would otherwise be wasted. 

After the strong solution is heated in the heater to drive out 
the ammonia, the resulting weak solution is carried back to the 
absorber to take up more ammonia. When the weak solution 
leaves the heater it is at a high temperature and it must be cooled 
before it will absorb more ammonia. On the other hand, the 
strong solution leaving the absorber is at a low temperature and 
must be heated before the ammonia is driven out; hence there is 
a good opportunity for an exchange of heat between the weak 
and strong solutions. This is done in the exchanger, T, The 
hot weak solution is passed through a coil in the exchanger on its 
way to the absorber. The cold strong solution, on its way to the 
heater, is pumped through the exchanger where it comes in con- 
tact with the coil containing the hot weak solution. The hot 
weak solution thus gives up heat to the cold strong solution, and 
reduces the amount of cooling required in the absorber and the 
amount of heating required in the heater. 

The absence of compUcated machinery in the absorption sys 
tem of refrigeration makes this system simpler than the compres- 
sion system, and for the same reason reduces the amount of labor 
required to run it. The ammonia pump and a pump for circu- 
lating brine (in the indirect system) are the only pieces of machin- 
ery required, and these are simple and easily operated and kept 
in repair. The exhaust steam from the pumps may be used in 
the heater, the extra amount of steam required being supplied 
at reduced pressure from the boiler which furnishes steam for 
the pumps. 
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The heater, exchanger, and absorber are usually built in the 
form of cylinders which may be placed close together, and, as 
they occupy only small space, all of the apparatus, except the 
condenser and cooler, may be grouped in one room and one man 
can care for them. The condenser and cooler may also be placed 
with the other apparatus in the indirect system. 

While the forms of condenser and cooler shown in Figs. 102 and 
103 consist simply of a tank containing a coil, in practice they are 
usually constructed of a series of double pipes, a small one placed 
inside a larger one so there will be a space between the pipes. 
In the condenser the ammonia flows through the space between 
the two pipes and the water through the small inner pipe. In the 
cooler the anmionia flows through the small iimer pipe. This 
form of condenser or cooler is very eflicient because large surfaces 
for the transfer of heat are. obtained within a small space and the 
water or brine flowing in a thin stream over these surfaces effects 
a rapid transfer of heat. 

121. Other Compression Systems. — ^Both of the refrigerating 
systems just described use ammonia as the refrigerating agent, 
but it has been previously mentioned that either carbon dioxide 
or sulphur dioxide may be used as the refrigerating agent in a 
compression system. 

A compression system of refrigeration using either carbon 
dioxide or sulphur dioxide is exactly the same in principle as one 
using ammonia. All of these systems consist of the same appa- 
ratus and the refrigerating agent goes through the very same 
cycle of operations, being compressed in a compressor, liquefied in 
a condenser, and expanding through an expansion valve into a 
cooler. However, there is a difference in these systems in the 
strength of the apparatus due to the different pressures required, 
and also in the size of the compressors due to the amount of 
refrigerating agent that must be circulated to produce a certain 
. cooling effect. These differences are best understood by compar- 
ing the properties of the different refrigerating agents. 

It is convenient to compare refrigerating agents on the basis 
of the highest and lowest temperatures that must be carried. 
The highest temperature is that reached after compression, and 
it depends upon the temperature of the condensing water, for it 
must always be somewhat above the temperature of the condens- 
ing water in order to be liquefied in the condenser. The lowest 
temperature is that reached in the cooling coils, and this tempera- 
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ture must be controlled according to the cooling effect desired* 
In comparing ammonia, carbon dioxide, and sulphur dioxide we 
will assume a highest temperature of 68^ F., since this is a little 
above the temperature of the ordinary supply of condensing 
water; and a lowest temperature of 14° F., since this is a common 
temperature used for cold storage work. 

The following table shows the properties of the three refrigerat- 
ing agents mentioned above for these two temperatures: 



Temp. 



Absolute pres- 
sure per lb. 
per sq. in. 



Latent 

heat 

B.T.U. 



Heat of 

the liquid 

B.T.U. 



Volume 

of 1 lb. 

in cu. ft. 



Ammonia. 



Carbon dioxide. 



Sulphur dioxide 



68^ 
14° 
68** 
14*^ 
68** 
14° 



124.7 
41.71 
826.4 
385.4 
47.61 
14.75 



514.7 


39.9 


561.2 


-19 


66.5 


23.08 


110.7 


- 9.0 


152.5 


12.03 


168.2 


- 5.69 



2.377 
6.72 
.083 
.229 
.171 
.627 



Since the cooling is performed by the evaporation of the 
refrigerating agent, the number of heat units transferred per 
pound of agent depends upon its latent heat. In this respect 
ammonia has a great advantage over either carbon dioxide or 
sulphur dioxide because for every pound of ammonia circulated 
through the system the cooling effect obtained will be 561.2 
B.T.U., while the circulation of a pound of carbon dioxide will 
produce only 110.7 B.T.U., and sulphur dioxide only 168.2 B.T.U. 
To produce the same cooling with carbon dioxide as with ammonia 
would require the circulation of 5.07 pounds of carbon dioxide as 
against one pound of ammonia; and for sulphur dioxide 3.34 
pounds as against one pound of ammonia. 

The pressures that must be carried in a refrigerating system are 
important because the compressor must be built strong enough to 
carry the necessary pressure, and this affects its cost. In order, 
to secure a temperature of 68° F. at the end of compression, the 
absolute pressure of carbon dioxide must be 826.4 lb. per sq. in., 
of ammonia 124.7 lb. per sq. in., and of sulphur dioxide 47.61 lb. 
per sq. in. The extremely high pressure required for carbon 
dioxide requires a very heavy construction of the machine and 
piping. In warm climates where the temperature of condensing 
water is higher the pressure necessary for carbon dioxide some- 
times goes as high as 1000 lb. per sq. in. The pressures required 
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for ammonia and sulphur dioxide are not very high and do not 
require extra heavy construction. 

The lower pressures to be carried are of importance as these 
should never go below atmospheric pressure on account of the 
leakage of air into the system, which causes trouble. With 
anmionia, a temperature of 14° F. may be secured with a pressure 
of 41.71 lb. per sq. in. and considerably lower temperatures may 
be secured without lowering the pressure below that of the atmos- 
phere. The same is true of carbon dioxide, which gives a tem- 
perature of 14° F. with a pressure of 385.4 lb. per sq. in. With 
sulphur dioxide, on the other hand, the temperature cannot go 
much below 14° F. without reducing the pressure below that of 
the atmosphere and giving an opportunity for the leakage of 
air into the system. 

The piston displacement and size of the cylinder of the com- 
pressor depend upon the volume of one pound of the refrigerating 
agent at its lowest temperature, and upon the number of pounds 
that must be compressed to secure a certain cooling effect. Since 
the weights of carbon dioxide and sulphur dioxide which must be 
compressed in order to secure the same cooling effect as with one 
pound of ammonia are respectively 5.07 and 3.34 pounds, the 
relative piston displacements are for 

Ammonia 1X6.72 =6.72 cu. ft. 

Carbon dioxide 5.07X .299 = 1.16 cu. Tt. 

Sulphur dioxide 3.34X .527 = 1.76 cu. ft. 

It thus appears that a much smaller compressor may be used for 
carbon dioxide and sulphur dioxide than for anunonia. In the 
case of carbon dioxide this compensates, in a measure, for the 
extra heavy construction required. 

The extremely high pressures that must be carried with carbon 
dioxide and the low suction pressures necessary with sulphur 
dioxide when low temperatures are to be obtained have operated 
to the disadvantage of these refrigerating agents so that nearly all 
of the compression systems used in America employ ammonia as 
the refrigerating agent. 

122. Compressed-air Refrigerating Machines. — In studying 
the compression of air (Chapters VIII and XIII) it has been 
shown that an air compressor deUvers air at a very high tempera- 
ture. It has also been shown that when compressed air is 
expanded it experiences a large drop in temperature. These 
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principles have been made use of in producing a refrigerating 
effect by using compressed air. 

A compressed-air refrigerating machine would consist of three 
cylinders, if steam driven: one steam cylinder for driving the 
machine and two air cylinders, one for compressing the air and 
another for expanding it. In operation, air is compressed in the 
compressor cylinder to a high pressure, which also brings it to a 
high temperature. The hot compressed air is then carried 
through pipes to a cooler which consists of a cylindrical vessel 
containing a large number of small pipes carrying the compressed 
air. Cold water is passed through the cooler around the pipes 
and cools the compressed air. The compressed air, which is now 
cooled, is passed into the expanding cylinder where it is expanded 
to a lower pressure, thereby lowering its temperature and, at the 
same time, the power derived from the expanding air assists in 
running the machine. In this way, both the steam and expand- 
ing cylinders perform work on the main shaft which drives the 
compressor piston. The air, which is very cold after expansion, 
is then carried through well-insulated pipes to the point where 
the refrigerating effect is desired. It is then passed through coils 
of bare pipe and cools the surrounding air, after which it is carried 
back to the compressor cylinder to be used over and over again. 

In the compressor cylinder the air is usually compressed to a 
pressure of about 210 lb. per sq. in. and expanded, in the expand- 
ing cylinder, to a pressure of about 60 lb. per sq. in. By using 
these pressures the temperature of the air after expansion is about 
60° F. below zero, and the pipes carrying the air to the refrigerated* 
compartments may be small, which reduces the loss of heat from 
them. 

Attempts have been made to operate air refrigerating machines 
by discharging the expanded cold air directly into the cold- 
storage compartment and then taking the supply of air for the 
compressor directly from the cold-storage compartment. In 
doing this, however, the air takes up moisture from articles in the 
cold-storage compartment and this is later deposited as frost in 
the pipes and soon clogs them. A further objection to this sys- 
tem is that the air cylinders must be very large to accommodate 
the air at low pressure and the loss from friction in the machine 
is very large. The dense air machine described above overcomes 
both of these objections by circulating the same air over and over 
again through pipes and by using higher pressures. 
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It has been suggested that the air refrigerating machine might 
also be used as a warming machine by reversing the cycle of opera- 
tions in it, thus enabling one to use the same machine for warming 
a house in winter and for cooling it in summer. When operated 
as a warming machine the air would first be expanded to a low 
pressure and low temperature in the expanding cylinder. It 
would then be passed through a coil of pipe located outside the 
house where it would be warmed by the outside air since the air in 
the coil would have a much lower temperature. The air, whose 
temperature has now been increased, is next passed into the com- 
pressing cylinder where it is compressed and its temperature 
raised to any desired degree. It is then passed through radiators 
or coils of pipe in the rooms to be warmed, after which it goes to 
the expanding cylinder and the cycle is repeated. This device 
would really be a heat pump, pumping heat from the outside of the 
house to the inside. These machines have not, however, been 
developed to a commmercial basis. 

123. Production of Low Temperatures. — The principles of the 
air refrigerating machine have been applied in the production of 
extremely low temperatures. These principles depend upon 
compressing air, or other gas, to very high pressures, then cooling 
the air to normal temperature, and expanding it, causing its 
temperature to fall still further. 

One of the most common and interesting applications of this 
method of producing low temperatures is in the manufacture of 
liquid air, which requires a temperature of about 350** F. below 
zero. Even lower temperatures than this have been obtained in 
the liquefaction of other gases. 

The principles of an apparatus for making liquid air are shown 
in the diagrammatic sketch of Fig. 104. The air compressor is 
shown at P, being driven from some outside source of power such 
as a steam engine. The compressor is usually of the four stage 
type and compresses the air to about 3000 lb. per sq. in., the air 
being cooled between stages to prevent too great an increase in 
temperature. From the compressor the air is carried to the cooler 
Af , where it is passed through a coil of pipe surrounded by cold 
water. This cools the air to practically the temperature of the 
water, its pressure remaining at about 3000 lb. per sq. in. From 
the cooler, the compressed air is carried through the small pipe BC 
to the economizer N. The economizer consists of a coil of two 
pipes one of which is a continuation of the small pipe BC. This 
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passes inade a larger pipe and is conceDtric with it. At the bot- 
tom the two pipes separate, but both enter the small iron vessel T, 
the smaller pipe being provided with a needle valve fl, for regtilat^ 
ing the flow of air. The compressed air flows through the inner 
pipe and in passing through the needle valve it expands adiabat- 
ically to a low pressure. In expanding, the air experiences a 
large drop in temperature. The cold low pressure air then flows 
through the larger pipe surrounding the compressed air tube and 
thereby cools the compressed air to almost its own temperature. 
The low-pressure aJr passes back to the compressor throt^h the 
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pipe CG and goes through the cycle agam and again. The chilling 
of the air in the economizer and its expansion through the needle 
valve R soon reduces its temperature to the liquefying point. 
That part of the air which is liquefied collects in the bottom of the 
chamber T, the remainder passing on to the compressor. The 
liquid air may then be drawn off through the valve V. 

Since the economizer is subjected to extremely low tempera- 
tures it is necessary to insulate it carefully in order to prevent the 
leakage of heat into it, which would throw additional work upon 
the compressor. Insulation is provided by smrounding the 
economizer coils with a wooden casing, as shown in Fig. 104, and 
packing the space around the coils with sheep 's wooL 
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124. Capacity and Efficiency. — Since refrigeration was formerly 
done with ice, it has become customary to compare the capacity of 
mechanical refrigerating systems with the cooling effect ojF ice. 
The latent heat of melting ice is 142 B.T.U. per pound or 2000 X 
142 = 284,000 B.T.U. per ton. That is, when one ton of ice melts 
it absorbs 284,000 B.T.U. The capacity of refrigerating ma- 
chines is expressed in tons. One ton of refrigeration is the trans- 
fer of 284,000 B.T.U. in 24 hours, and is the same cooling effect 
as would be obtained by the melting of one ton of ice in 24 
hours. 

Stating the capacity of a refrigerating machine in tons of re- 
frigeration does not mean, however, that it will make that many 
tons of ice. Its ice-making capacity will be considerably less than 
its rated capacity on account of the losses of heat throughout the 
system and because the water from which the ice is made must be 
reduced in temperature to the freezing point. On accoimt of 
these losses the actual ice-making capacity of a machine is only 
about one-half of its rated capacity in tons of refrigeration. 

126. Coefficient of Performance. — The term ''efficiency" as 
ordinarily applied to machines or engines cannot be applied to a 
refrigerating system because a refrigerating system does no work 
in the ordinary sense of the word. The duty of a refrigerating 
system is the removal of heat, and any expression for the per- 
formance of a refrigerating system would be based upon the 
amount of heat removed. Such an expression may be used in 
the same sense as the "efficiency" of machines and engines which 
actually do work. Therefore, in estimating the merit of a re- 
frigerating system we may use the expression 
r^ /^ . . 1^ T. t Heat extracted from the cold body 
Coefficient of Performance^ Work expended 

In applying this expression, both the "heat extracted" and the 
"work expended" must be expressed in the same units, either 
B.T.U. or foot-poimds. 

The efficiency of a machine or engine can never be more than 
1.0 or 100 per cent, because the work obtained from it can never 
quite equal the energy expended upon it. A refrigerating system 
on the other hand, may show a coefficient of performance of 
several himdred per cent., because the heat extracted from the 
cold body does not depend directly upon the work performed upon 
the refrigerating substance. The heat is extracted from the cold 
body (usually the brine) by the evaporation of the refrigerating 
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agent, and therefore involves the latent heat, which is large in 
proportion to the amount of refrigerating agent handled. 

The mechanical efficiency of a refrigerating machine or com- 
pressor may be calculated in the same manner as the mechanical 
efficiency of an air compressor, that is, by dividing the indicated 
horse-power of the compressor cylinder by the indicated horse- 
power of the steam cylinder, or by the power required to run the 
compressor in case it is run by another source of power than a 
steam engine. 

QUESTIONS 

161. How does ice produce a cooling effect? 

162. Explain why mixing salt with ice produces a lower temperature than 
would be produced by the salt alone. 

163. At what part of a compression refrigerating system is the refrigera- 
tion produced? 

164. What is the object in having a compressor in a refrig^ating system? 
166. Explain the principles upon which an absorption refrigerating 

system operates. 

166. What is the object in having an exchanffer in an absorption refrig- 
erating system? 

167. What substances are used as refrigerating agents in refrigerating 
systems? 

168* Which of these is best? Give the reasons for your answer. 
169. Explain the principles upon which a dense air refrigerating system 
operates. 

160. Elxplain how liquid air is made. 

161. 490 lbs. of ammonia are circulated per hour through a oompression 
refrigerating system. The ammonia leaving the compressor has a gage 
pressure of 128 lb. per sq. in. and a temperature of 85*^ F. and it enters the 
condenser at this temperature and pressure. The liquid ammonia leaving 
the condenser has a temperature of 53° F. and a gage pressure of 128 lb. 
per sq. in. How many heat units does the ammonia give to the condenser 
per hour? (Assume the specific heat of gaseous ammonia as .54.) 

162. The liquid ammonia reaches the expansion valve in the condition 
of temperature mentioned above and it leaves the cooler at a gage pressure 
of 29 lb. per sq. in. How many heat units does the cooler give to the ammonia 
per hour? 

163. The indicated horse-power of the steam engine required to run the 
above compressor is 18.76. What is the coefficient of performance for the 
whole system? 



CHAPTER XVI 
HOUSE HEATING 

126. Warming Buildings. — The process of warming buildings is 
the reverse of that of cooling them, or refrigeration. In refrig- 
eration the inside of the building or compartment is colder than 
the outside air; consequently there is a leakage of heat from the 
outside to the inside which must be overcome by the refrigerating 
system. In house heating the inside of the building is warmer 
than the outside air, consequently there is a leakage of heat 
from the inside to the outside and the heating system must supply 
heat at the same rate it is lost from the building in order to keep it 
at a uniform temperature. The problem that confronts anyone 
designing a heating system is, first, to determine the amount of 
heat that is lost from the building in any given time, as one hour; 
second, to select the proper type or kind of heating system that is 
best adapted to heating the particular building under considerar 
tion; and third, to proportion the parts of the selected heating 
system so they will supply heat at the same rate at which it is lost 
from the building. In doing this the heating apparatus such as 
the radiators, boilers, etc., must be chosen large enough so they 
will warm the building to the proper degree during the coldest 
weather that is likely to be experienced in that particular locality. 

127. Loss of Heat from Biiildings. — Heat is lost from a build- 
ing by all three of the methods mentioned in Chapter IV, that is, 
by radiation, conduction and convection. It would be a long and 
tedious process to calculate the amount of heat lost from a 
building in each of these ways, because there are many kinds and 
sizes of materials in a building and the heat lost from each of 
these would have to be calculated separately. Such a calculation 
probably would not be accurate after it was made. For the above 
reasons heating engineers have adopted a simpler and more direct 
method of calculating heat loss from buildings. 

The total loss of heat from a building is divided into three parts 
and each calculated separately. These are:- the loss of heat 
through the walls, the loss of heat by the windows or glass sur- 
23 241 



242 HEAT 

faces, and the loss of heat by the leakage of cold air into the build- 
ing and the leakage of warm air out of the building. 

The loss of heat through the walls occurs by both radiation and 
conduction, but in calculations the heat loss by these two methods 
are combined into one quantity. Many experiments have been 
made to determine the quantity of heat that will be lost from 
building walls when there is a constant difference of temperature 
between the two sides of the walls, such experiments being made 
on all kinds of construction, material, and thickness of wall, as all 
of these things affect the loss of heat through them. The results 
of these experiments are reduced to the number of B.T.U. lost 
from one square foot of wall surface in one hoiu* when the difference 
in temperature between the two sides of the wall is one d^ree, 
and these values, called ''factors of heat loss" are tabulated for 
convenience in use. Such a table will be foimd in Chapter IV. 
More extensive tables than this may be f oimd in various books on 
heating and ventilating. 

With a table of factors of heat loss at hand the process of cal- 
culating the amount of heat lost from a building is an easy matter. 
This is done by multiplying together the number of square feet 
of outside wall surface, the factor of heat loss, and the difference 
in temperature between the inside and the outside of the building. 
Only the outside wall surface, that is, the surface of the wall 
exposed to the outside temperature, is used, because this is the 
only wall through which a loss of heat occurs. The temperature 
on both sides of interior walls is the same; hence there is no loss 
of heat through them. Since the factors of heat loss are based on 
one degree difference in temperature on the two sides of the wall, 
it is necessary, in the above calculation, to multiply by the differ- 
ence in temperature between the inside and outside of the building. 

The above method of calculating the amount of heat lost 
through a wall may be expressed by the following formula: 

B.T.U. =fWt 

in which B.T.U. = ihe number of B.T.U. lost per hour 

/=the factor of heat loss from the tables 
t = the difference in temperature between the in- 
side and outside of the building, and 

Tr = the number of sq. ft. of exposed wall surface 
Example : 

The outside wall of a certain room is 12 ft. long and 9 ft. high. The char- 
acter of the wall is such that its factor of heat loss is 0.22. A temperature of 
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70° F. is maintained inside the room. How much heat is lost through the 
wall if the lowest temperature outside is 0° F.? 

Solution : 

ir = 12X9-108 sq.ft. 
( = 70-0 = 70** 
/ = .22 
B.r.C/. =.22X108X70 = 1663.2 B.T.U. per hour 

The loss of heat through the glass surface, such as windows, 
skylights, etc., is calculated in the same way as the heat lost 
through the walls, but a separate calculation must be made for 
it because the factor of heat loss for glass is different from that 
for walls. The factor of heat loss for ordinary window surface is 
1.0, which is about four times as large as that for an ordinary wall, 
hence a house having a large number of windows requires more 
heat to keep it warm than one having only a small glass surface. 

The amoimt of heat lost by leakage of air is the most difficult 
of all to calculate on account of the variable character of the leak- 
age. Leakage of air occurs through cracks around the windows 
and doors, by opening doors when people pass in or out, and there 
is also a certain amount of leakage directly through the walls. 
It would be impossible to calculate or measure the amount of air 
leakage from these sources, but it is estimated in practical work 
to be in one hour a certain number of times the cubic feet of space 
in the room. For example, the leakage of air is considered to be 
one times the cubic feet of space in the room per hour for ordinary 
rooms, 1.5 times for corridors, and 2 to 3 times for vestibules or 
hallways into which outside doors open. It will be seen that 
considerable judgment must be used in estimating the leakage of 
air, such judgment being based upon the construction of the build- 
ing, whether tight or loose, and upon the number of times the 
outside doors are opened. 

Since 1 B.T.U. will warm 55 cubic feet of air through 1®, the 
amount of heat lost in one hour through the leakage of air may 
be calculated approximately by the following formula: 

B,T,U . = -=-^f 

in which fi.T.C/. = the heat lost per hour due to leakage 

C = the cubic contents of the room in cu. ft. 
t = the difference in temperature between the in- 
side and outside of the building 
n = the number of times per hour the air in the 
room is changed by leakage 
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Example : 

The living room of a certain residence is 24 ft. long, 14 ft. wide and 9 
ft. high, with an outside door opening directly into it. How much heat is 
lost from this room due to leakage of air when the temperature inside is 
TO"" F. and outside 0"* F. ? Assume a factor of leakage » 1 .75. 

Solution : 

Cubic contenU of room =24X14X9 =3024 cu. ft. 
( = 70*»~0°=70** 
n = 1.75 

r> r« rr CU 3024 X 175 ^^ ^*.«,. « t^ rr, xr 

B.T.U, =55 «= ^ X 70 =6735.2 B.T.U. per hour 

For convenience in making calculations, the heat losses from 
the three sources mentioned above — walls, Endows, and leakage 
— may be combined into one formula, as foUowd: 



^=^5?+^+^) 



in which G is the number of sq. ft. of surface in the windows, and 
the other letters have the same meaning as before. In calculating 
the heat loss from residences, the factor of heat loss from walls is 
usually taken as .25 or \. 

Example : 

What is the heat loss per hour from a room 24 ft. long, 14 ft. wide, and 9 
ft. high, one of its long and one of its short walls being outside walls? The 
short wall has two windows 3 ft. X5 ft. and one door 2\ ft. X6i ft. and the 
long wall has two windows 3 ft. X5 ft. The temperature inside is 70** F. 
and outside 0*^ F. Consider the door as losing as much heat as the same 
amount of glass surface, the number of changes of air as 2, and the factor 
for the walls 0.25. 

Solution : 

Cubic contents =24X14X9 =3024 cu. ft. 
Glass surface=4(3X5)H-(2lX6i) 

= 60+16.25 = 76.25 sq. ft. 
Gross wall surface = (24+ 14)9 =342 sq. ft. 
Net wall surface =342 -76.25 =265.75 sq. ft. 

i/=<(^+/Tr-H?) 

=7o|^^^^+(.25X266.75)+76.26| 

= 70(110+66.44+76.25) 

= 70X252.69 = 17688.3 B.T.U. per hour 

The side of a building that is exposed to cold north winds in the 
winter times loses more heat than the side which is protected from 
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the cold winds. For this reason it is customary to add 10 per 
cent, to the heat loss as calculated by the above method if the 
room is on the north or west side of a building. Adding 10 per 
cent, is the same as multiplying 1.1, hence if the room mentioned 
in the preceding example was on the north side of the building the 
heat loss from it would be taken as 

17688.3X1.1 = 19457.1 B.T.U. per hour. 

If a room is on the ground floor and there is an unheated cellar 
beneath it it is customary to assume that the temperature in the 
cellar is 32® F. The loss of heat through the floor is then calcu- 
lated in the same manner as for a wall, using the proper factor of 
heat loss as found in the tables. It is also customary to calculate 
the heat loss through the ceiling of a room in the same way where 
there is an unheated space above. For this purpose a tempera- 
ture of 32® F. is assumed for an unheated attic. 

128. Heat Given off by Radiators. — Practically all radiators, 
both for steam and for hot water heating, are made of thin cast- 
iron sections, and a number of sections are joined together to 
make up the complete radiator. The radiator is placed in the 
coldest part of a room, usually under a window, and the heat 
given off from it balances the heat loss from the building, thus 
maintaining an even temperature in the room. The heat is 
diffused throughout the room by convection currents in the air 
which is warmed by coming in contact with the radiator. The air 
then rises to the ceiling and is diffused throughout the room. 

In steam heating the heat is obtained by the condensation of 
steam in the radiators, the steam thereby giving up its latent 
heat and maintaining the surface of the radiator at the same tem- 
perature as the steam. In hot water heating, a continuous flow 
of hot water is maintained through the radiator which keeps the 
surfaces of the radiator at a high temperature. The water is, of 
course, cooled somewhat in passing through the radiator. 

Many tests have been made to determine the amount of heat 
given off from various kinds of radiators under all sorts of condi- 
tions, and, while the results of these experiments vary somewhat, 
the following table shows approximately the number of heat units 
given off per hour by each square foot of radiator surface for each 
degree difference of temperature between the temperature of the 
radiator surface and the temperature of the room: 
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Type of radiator 



B.T.XJ. given off 
per sq. ft. per hour 
per degree difference 

of temperature 



One-column 

Two-column 

Three-column 

Six-column 

1 in. iron pipe wall coil 



1.7 
1.6 
1.4 
1.3 
2.5 



The number of columns in a radiator refers to the width of the 
radiator and not to the number of sections, or its length. It will 
be observed that the more columns there are in the width of a 
radiator the less heat is given oflf per square foot of surface. This 
is because a large part of the heat from a radiator is given oflf by 
radiation and the interior colunms of the radiator interfere with 
the heat rays radiated from adjacent columns. The most com- 
mon types of radiators are the two and three column ones. 

The amount of radiating surface that must be placed in a room 
in order to warm it may be calculated by dividing the total heat 
loss from the room by the amount of heat given oflf from each 
square foot of the radiator. The amount of heat given oflf from 
each square foot of the radiator may be calculated by the formula 



in which Hr 



C = 



ir 



number of B.T.U. given off from the radiator per 
sq. ft. per hour 

Number of B.T.U. given off from the radiator per 
sq. ft. per hour for each degree difference in tem- 
perature between the inside and outside of the ra- 
diator as found in the preceding table 
temperature inside the radiator 
temperature of room 



Example : 

The heat loss from a certain room is 19,457 B.T.U. per hour. How many 
square feet of cast iron two-column radiator must be installed in this room 
to maintain it at 70^ F.? The steam pressure in the radiator is 2.3 lb. per 
sq. in. gage or 17 lb. per sq. in. absolute. 

Solution : 

The temperature of steam at 17 lb. pressure is (from the steam table) 
219.4** F. 

The factor of beat loss from a two-column radiator is (from the preceding 
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table) 1.6 B.T.U. per hour per degree. The temperature of the room is 70®. 
The amount of heat given off by one square foot of radiator is 

= 1.6(219.4-70) 
= 1.6X149.4 
=239 B.T.U. 

Number of square feet of radiator surface required in the room is 

19457 -^_ ., 
-23g- = 80.6 sq.ft. 

The total amount of heat given oflf by a radiator is found by 
multiplying together the heat given off per square foot of surface 
and the total number of square feet of surface. 

129. Systems of Heating. — Modem systems of beating build- 
ings may be divided into two general classes called respectively 
direct systems and indirect systems. A direct system of heating 
is one in which the source of heat, such as the radiators, are placed 
directly in the room to be warmed. In this class are included the 
ordinary steam and hot water systems and also various so-called 
vacuum systems of heating. An indirect system is one in which 
the source of heat is located outside the room. In this system 
the heating is done by means of warm air which is heated outside 
the rooms and then brought in through suitable pipes. In this 
class are included the ordinary warm air furnace, fan systems in 
which the warm air is circulated by means of a fan, and also steam 
and hot water indirect heating, but the last two systems are not 
in common use. 

130. Steam Systems. — A du-ect system of steam heating con- 
sists of a boiler, usually located in the basement, and radiators 
placed in the rooms. The radiators are connected to the boiler 
by pipes which carry the steam. The simplest arrangement of 
piping for this kind of heating plant is known as the single-pipe 
system, illustrated in Fig. 105. In this system of piping only a 
single pipe is used to carry the steam from the boiler to the 
radiator and return the water resulting from the condensation 
of steam (spoken of as the condensation) from the radiator to the 
boiler. The pipes must have a pitch or slope downward toward 
the boiler so the water may drain back by gravity. There is no 
difficulty about draining the water through the vertical pipes, 
or risers, but it is very important to give the mains or pipes in the 
basement sufficient slope in the proper direction. These pipes 
are usually pitched at least one inch in ten feet of length. The 
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water and steam flow in opposite directions through the same pipe 
in this system; hence the pipes must be large enough to prevent 
any interference between the water and steam. 

In the two-pipe system of steam heating illustrated in Rg. 106, 
there is one pipe for carrjdng the steam to the radiators and 
another for returning the condensation. The pipes carrying 
steam are connected to the top of the boiler and the return pipes 
are connected near the bottom below the level of the water in the 
boiler. The main steam and main return pipes in the basement 
are connected at their ends and the main steam pipe is pitched 




Fig. 105. 



downward away from the boiler in order to drain the small 
amount of condensation that collects in it into the return pipe. 

Very little water flows through the steam pipe in the two-pipe 
system and this flows in the same direction as the steam, hence the 
pipes may be of smaller size. On the other hand, there are more 
pipes in the two-pipe system, hence this system costs more to 
install than the single-pipe system. There is a more positive 
circulation of steam in the two-pipe system which causes the 
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radiators to receive the heat more quickly, and there is also an 
absence of noise due to water-hammer, which is sometimes annoy- 
ing with the single-pipe system. 

Another system of piping commonly used in steam heating is 
known as the combination system. This consists of a combina- 
tion of the one and two-pipe systems. The vertical pipes or 
risers suppljdng the radiators are single pipes as in the ordinary 
single-pipe system, and the mains in the basement are on the 
two-pipe system with separate steam and return pipes. This 




Fig. 106. 



system combines most of the advantages of the two-pipe 
system but does not cost as much. 

In the indirect system of steam heating the radiators are placed 
in galvanized sheet-iron boxes located under the floor and near 
the point at which the warm air is to be discharged into the room, 
as illustrated in Fig. 107. The galvanized iron box fits up close 
against the sides of the radiator so that no air can pass it without 
coming in contact with the heating surfaces. A space of about 
10 inches is left between the radiator and the top and bottom of 
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the box. Cold aii is brought from out-doors to the bottom of the 
box through a galvanized iron duct This ur then paaaee up 
through the radiator and is wanned by contact with its hot sur- 
faces. It then passes up to the room above through a galvanized 




Fio. 107. 



iron duct, which opens from the top of the radiator box, and is 
discharged into the room through a register placed in the wall. 
After passing through the radlator-the air has a temperature of 
120° to 140° P. 
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Regulation of the temperature is secured by carrying some cold 
air around the radiator through a by-pass, as shown, and mixing 
this cold air with the warm air leaving the radiator. A mixture 
having the desired temperature is secured by means of an adjust- 
able mixing damper controlled from the room above. 

In indirect heating, a room is heated by the cooling of the warm 
air. If the temperature of the room is maintained at 70° F., the 
warm air can only cool to this temperature in giving up heat to 
the room. If the outside air has a temperature of 0*^ F. and its 
temperature is 130° F. when it enters the room, then it can lose 
only 130°— 70° = 60° in heating the room, although the air itself 
has been heated from 0° F. to 130° F. It is thus seen that only 
about one-half of the heat given to the air is available for heating 
the room. For this reason the indirect system is not nearly as 
efficient as the direct and it is not used to so great an extent. It 
has the distinct advantage, however, that it ventilates the rooms 
that it heats by bringing in fresh air, whereas the direct system 
does not. 

On account of the cold air coming in contact with the radiator 
surface in the indirect system these surfaces condense much more 
steam per square foot of surface than do direct radiators. In 
order to take care of the large amount of water resulting from this 
condensation, indirect radiators are always connected on the two- 
pipe system. If they were connected on the single-pipe system 
the condensation leaving the radiators would interfere with the 
steam entering them and this would cause a disagreeable rattling 
and pounding noise in the radiators. 

131. Hot Water Heating. — Hot water heating is made possible 
by the fact that when water is heated it tends to rise. A hot 
water heating system, as shown in Fig. 108, resembles in appear- 
ance a two-pipe direct system of steam heating, except that it is 
not necessary to connect the ends of the main pipes in the base- 
ment, and the main pipes are pitched upward instead of downward. 
One of the pipes, called ih^flow pipe, carries the hot water to the 
radiators and the other, called the return, brings the cooler water 
back to the boiler to be heated again. The flow pipe is connected 
to the top and the return is connected to the bottom of the boiler, 
all of the pipes, radiators, and boiler being completely filled with 
water. When the water is heated it rises to the top of the boiler 
and passes out through the flow pipe to the radiators, thus forcing 
the cooler water to return to the boiler through the return pipes. 
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Since water expands when it is heated it is necessaiy to provide 
for expansion in a hot water heating system; otherwise, Uie sys- 
tem being entirely filled with water, some part of it would burst 
when the water was heated. Expansion is provided for by 
placing an expansion tank at the top of the system of piping. 
The expansion tank is open to the atmosphere. The system is 




Fig. 108. 

filled with water up to the bottom of the expansion tank; then, 
when the water is heated and expands, it rises into the expansion 
tank to accommodate its increased volume. 

Hot water heating systems are usually designed to properly 
heat a building with a maximum temperature of the water of 
about 180° F. The water will then be cooled to about 160° P. in 
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passii^ through the radiator. This gives an average tempera- 
ture of the radiator surfaces of about 170° P. which is much lower 
than the temperature of steam radiators and therefore requires 
considerably larger radiatit^ surface with a hot water system than 
with a steam system. On account of the lai^er radiators and pipes 
required with a hot water system this system costs more to install 
than does a steam system. On the other hand, the lower tempera- 
ture employed gives a more pleas- 
ing sensation of warmth than does 
the hotter steam radiator. 

Indirect heating is sometimes 
done with hot water radiators but 
has not proved very popular be- 
cause of the danger of the radiators 
freezing and bursting during cold 
nights. 

132. Warm-air Fuinace. — Heat- 
ing by means of a warm-air fur- 
nace is a development of the method 
of heatii^ bouses by means of 
stoves. The warm-air furnace re- 
sembles a lai^e stove surrounded 
by a sheet iron casing with a spa 
for the passage of wr between the 
casing and the stove. A warm- 
air furnace is illustrated in Fig. 
109, which shows its resemblance to 
a stove, the casing and outlets be- 
ing indicated by the dotted lines. In operation, fresh air is 
taken from out-doors and carried through a lai^e pipe to a 
pit underneath the furnace. From here it passes up throt^h 
the space between the furnace and cadng and is wanned by con- 
tact with the fire pot, combustion chamber, and radiator. It 
then passes out the top of the casing and is carried to the rooms 
above through tin pipes of suitable size. The radiator placed 
above the fire pot is simply a hollow chamber through which the 
hot gases from the fire pass on their way to the chimney, and is 
intended to expose more hot surface for heating the air. The fire 
pot, combustion chamber, and radiator are usually made of cast 
iron as this metal stands the intense heat from the fire without 
injury. 
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The circulation of air through the furnace and pipes is caused 
by heating the air, which expands it, makes it lighter, and causes 
it to rise. More cold air then comes in to take the place of the 
warm air. There is thus produced a continual flow of air from 
out-doors to the furnace and then to the rooms to be heated. 
The force moving the air through a furnace is very feeble; hence 
the circulation of air is easily affected by unfavorable conditions. 
For this reason, rooms located on the side of a house which is 
exposed to cold winds are sometimes difficult to heat. 

In designing furnace systems of heating it is estimated that the 
temperature of the warm air entering the rooms will be about 140° 
F. It may then cool to 70** in giving up heat to the room, that is, 
about one half of the heat given to the air is available for heating 
the room. In this respect the furnace system is like the indirect 
steam or hot water systems, and, like them, is not as efficient as 
the direct steam or hot water systems. 

The pipes carrying the warm air from the furnace to the rooms 
must be made large enough to deliver the required amount of heat 
to the rooms. A velocity of air in the pipes of 4 ft. per second may 
be assumed for pipes leading to the first floor, 5 ft. per sec. for 
pipes leading to the second floor, and 6 ft. per sec. for pipes lead- 
ing to the third floor. 

The amount of heat required to warm one cubic foot of air is 

ff = <X.066X.242 = .01597< 

In the above formula t is the range of temperature through which 
the air is heated, .066 is the weight of one cubic foot of air at 
140** F., and .242 is the specific heat of air. 

If outside air enters the furnace at 0° F. and is heated to 
140** F., it carries into the room 

£r = (140-0).01597 = 2.24 B.T.U. per cu. ft. 

70 
Of this heat only :j^ is available for supplying the heat loss from 

70 
the room, or y77:X2.24 = 1.12 B.T.U. per cu. ft. Suppose the 

heat loss from the room is 16,000 B.T.U. per hour, then the 

amount of warm air that must enter the room is 

16,000 ,.^_ ., , 

-r j2" = 1^;286 cu. ft. per hour 



or 



14,286 o^^ r^ J 

"YfiOfT" ^^' P^^ second 
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It the room to be heated is located on the 
the pipe leading to it must be 
3.77 



floor the area of 



= .754 sq. ft. 

The area of the pipe aupplj-ing cold air to the furnace is made 
about 80 per cent, of the combined areas of al! the warm-air pipes. 
133. Fan System of Heating. — ^The fan system of heating is an 
indirect system in which the heated ah- ia forced through the 
ducts and into the rooms by means of a fan. Other indirect 
systems of heating, such as the warm-air furnace and the indirect 
steam system, have the objection that the currents of air are very 
feeble and are easily affected by outside influences such as stroi^ 




winds and friction in the duct's. These objections arc overcome 
in the fan system by forcing the air into the rooms under a slight 
pressure. 

The fan system consists of a fan driven by a steam engine or 
electric motor, a number of coils of steam pipe through which 
the air ia bloivn in order to warm it, and a system of ducts or pipes 
for distributing the warm air to the rooms. The arrangement of 
this apparatus is illustrated in Fig. 110, which shows the 8t€am 
coils divided into two ptirts. One part of the coils pre-heata the 
air to about 70° F, before it reaches the fan, and the other part 
heats the an- from 70° to about 140°, at which temperature it 
enters the rooms. Some of the pre-heated air is by-passed around 
the second set of steam coils and is later mixed with the warmer 



air throai^ an ^^^ssuJble dan/pet m order to reigidmte the tem- 

Tbrerfr are Tarioos mcKfificadoii* oc the {an srstem of heatms '^ 
oodined abore^ In some esses the air k drawn thnN^gJi the 
beater eoib ly the fan instead of beinc blown dixoq^ Inaome 
systems the heated air k forced cfirectiy into the ducts while in 
others the air is blown into a anaH room. caDed a plenum chamber, 
from which the Tarioos doets Ifaiding to the rooms are taken. In 
still other systeoks onlj enoo^ air is blown into the rooms to 
ventilate them, the air having a ten^ierataie of about 7(f F., 
and the heat kes from the rooms is supfJied by direct steam radi- 
ators placed in the rocmfts. 

The fan S3r5tem of heating is subject to the same faoh as otiier 
indirect S3r5tems, that is, if the heating is d<Mie oitirely by warm 
air, only about one^half of the heat put into the air is available 
for heating, the other half bdng lost in the air that leaks at room 
temperature from the building. On the other hand, it is the only 
system suitable for heating and ventilating large buildings where 
the duets must be long and totiuous. With this systCTi it is also 
possible to wash and moisten the air by pas^ng it through a ^ray 
of water located between the first steam coils and the fan. This 
is often done in large cities where the air contains dust and soot 
and also in school buildings in order to make the air more humid 
and pleasanter to breathe. 

The type of fan most often used to move the air in the fan 
system of heating is known as a steel plate fan. It consists of 
radial blades fastened to a spider or hub which, in turn, is fastened 
to the shaft. The blades are enclosed in a case or housing made 
of sheet steel. Air enters the fan at the center and is discharged 
at the periphery, the pressure generated being from | to 1 oz. 
per sq. in. depending upon the friction to be overcome. 

The steam coils are made from 1-in. pipe placed about 2| inches 
from center to center, the coils being of rectangular shape with 
both ends of the pipe connected to a hollow iron base. The base 
is divided into two compartments, one for steam and one for the 
condcnKation. One end of each coil is connected with the steam 
compartment and the other end with the condensation compart- 
mcmt. 

The ducts are usually made of galvanized sheet iron and are 
proportioned so that the velocity of the air through them will be 
from 000 to 1500 feet per minute. 
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If. the fan is run by a steam engine, the exhaust steam is used 
to supply part of the heater coils, the balance of the steam re- 
quired being taken from the boiler at reduced pressure. By this 
arrangement the heat contained in the exhaust steam is saved, 
and it adds considerably to the efficiency of the heating system. 

QUESTIONS 

164. What are the sources of heat loss from a house? 

166. How is the size of a radiator to heat a room determined? 

166. Why is a three-column radiator not as efficient as a two-column one? 

167. How does an indirect system of heating compare in efficiency with 
a direct system? 

168. In a steam-heating system how is heat transferred from the steam 
to the room to be heated? 

169. Why should hot water pipes pitch upward? 

170. Why is an expansion tank placed on a hot water heating system? 

171. A room 30 ft. X16 ft. with a 9 ft. ceiling has one of its long and one 
of its short sides exposed, the long side being toward the north. The 
short side contains 3 windows and the long side 4 windows, each 2} ft. X 
6 ft. The room is of frame construction with lath and plaster on the inside 
and } inches sheating, clapboards, and paper on the outside. The inside 
of the room is to be maintained at 70° F. and the coldest outside tempera- 
ture is 20° F. below zero. How many square feet of direct steam radiation 
should be placed in this room? Steam pressure 2 pounds gage. Use 
2-column radiators. 

172. How many square feet of 2-column hot water radiators should be 
placed in the above room? 

173. If this room is on the first floor and is to be heated by a warm air 
furnace, what should be the size of the air pipe leading to it? 
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Figures refer to pases. 



Absolute pressure, 90 

temperature, 7 
Absorption system of refrigeration, 

230 
Adiabatic* compression and expan- 
sion, 115 
Air compressors, 193 
capacity of, 204 
clearance of, 196 
duplex, 198, 200 
efficiency of, 208 
horse-power of, 197 
straightrline, 198, 199 
pump, 86 
required for combustion, 71 
space insulation, 60 
weight of, 84 
Ammonia, 131 

evaporation of, 145 
Atmospheric pressure, 84 
Automatic high speed engine, 165 

Balanced valve, 166 
Balance wheel, compensated, 13 
Barometer, 87 
Blow pipe welding, 73 
Brake horse-power, 41 
measuring, 41 

Prony, 42 

rope, 43 
British thermal unit, 40 
Buildings, loss of heat from, 58 

Calorimeter, coal, 63 

gas, 65 

separating, 149 

steam, 149 

throttling, 15 
Capacity of air compressors, 204 

of refrigerating machines, 239 
Carbon dioxide, 131 
Camot's cycle, 172 
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Centigrade scale, 2 
Changes of energy, 37 
Chemical energy, 36 
Circulation, 55 
Clay cone pyrometer, 7 
Clearance in air compressor, 196 
Coal calorimeter, 63 
Coefficient of elasticity, 14 

of linear expansion, 10 

of performance of refrigerating 
machines, 239 
Cold storage insulation, 59 
Combustion of fuel, 68 
Comparison of thermometer scales, 5 
Compensated balance wheel, 13 
Compound engines, 183 
Compounding, 181 
Compressed-air refrigerating ma- 
chines, 235 
Compression and expansion of gases, 
106 

of air, 193 

in air compressors, 200 

stage, 202 

system of refrigeration, 227 
Condensation, 141 

in cylinder, 178 
Condensers, 142, 175 
Conduction, 49 
Conservation of energy, 39 
Constant pressure, heating gas at, 92 

volume, heating gas at, 94 
Convection, 53 
Corliss engine, 168 

valve, 168 
Covering pipes, 59 
Cross-compound engines, 185 
Cycle, Camot's, 172 
Cylinder condensation, 178 



Density of steam, 130 
of water, 16 
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Diagram, indicator, 29, 31 
wwk, 23 
for steam pump, 23 
Double-acting pump, 24 
Duplex compressors, 200 



Friction, 37 

Fuel, combustion of, 68 

heating value of, 69 

liquid, 69 
Furnace, warm-air, 253 



Eccentric, 161 

Efficiency of air compressor, 208 
of gas engine, 223 
of refrigerating machines, 239 
of steam engine, 171 
Elasticity, 14 
Electrical energy, 36 
Electric generator, 37 

welding, 79 
Energy, 35 

changes of, 37 
chemical, 36 
conservation of, 39 
electrical, 36 
kinetic, 36 
potential, 35 
thermal, 36 
Engines, gas, 38, 211 
slide-valve, 160 
steam, 25, 38 
operation of, 25 
work diagram for, 28 
Equation of gases, 97 
Equivalent of heat, 40 
Evaporation, 121, 141 

by reduced pressure, 143 
of ammonia, 145 
temperature, 126 
Expansion and compression of gases, 
106 
of liquids, 14 
of solids, 8 
stress due to, 13 
joint, 9 

Factor of evaporation, 134 
Fahrenheit scale, 2 
Fan system of heating, 255 
Foot-pound, 21 
Force, 20 

Formation of ice, 18 
Four-cycle gas engine, 212 
-valve engine, 170 



Gages, pressure, 89 

vacuum, 91 
Gas calorimeter, 65 

engines, 38, 118, 211 
four-cycle, 212 
two-cycle, 218 
Gases, compression and expansion of^ 
106 
equation of, 97 
specific heat of, 100 
Governing of gas engines, 221 
Governor, throttling, 165 

Heat, 36 

from radiators, 245 

loss from buildings, 58, 241 

measurement, 63 

mechanical equivalent of, 40 

of the liquid, 122, 127 

radiant, 56 

source of, 68 

specific, 44 

unit, 40 
Heating at constant pressure, 92 

at constant volume, 94 

by hot water, 251 

by steam, 247 

by warm-air furnace, 253 

fan system of, 255 

houses, 241 

systems of, 247 

principles of hot water, 15 

value of coal, 63 
of fuel, 69 
of gas, 65 
High-speed engine, 165 
Horse-power, 22 

brake, 41 

indicated, 33 

measuring, 41 

of air compressors, 197 

of gas engine, 222 
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Hot-air furnace, 253 
-water heating, 251 
systems, principles of, 15 
House heating, 241 

Ice, formation of, 18 

Ignition, 220 

Increase of temperature under com- 
pression, 112 

Indicated horse-power, 33 

Indicator diagrams, 29 

Indicators, 29 

Indirect radiators, 250 

Insulation, 59 

Invar, 9 

Iron tube pyrometer, 12 

Isothermal compression and expan- 
sion, 108 

Junker's gas calorimeter, 65 

Kinetic energy, 36 

Latent heat of evaporation, 128 

of steam, 123 
Le Chatelier pyrometer, 6, 38 
Link motion, Stephenson, 164 
Liquid air, 238 

fuels, 69 
Liquids, circulation in, 14 

expansion of, 14 
Loss of heat from buildings, 241 
Low temperature, production of, 237 

Mahler bomb, 63 
Marking thermometers, 3 
Mean effective pressure, 32 
Measuring brake horse-power, 41 

heat, 63 
Mechanical equivalent of heat, 40 
Mercury thermometers, 5 
Miner's lamp, 51 
Mixtures, resulting temperatures of, 

46 
Molecules, 36 
Motion, perpetual, 39 
Multiple expansion engines, 160, 178 

Oxy-acetylene welding, 75 
-hydrogen welding, 74 



Pendulum, 37 

Performance of refrigerating ma- 
chines, 239 
Perpetual motion, 39 
Pipe covering, 59 
Piping, steam, 248 
Piston valve, 167 
Potential energy, 35 
Power, 22 
Pressure, 83 

absolute, 90 

atmospheric, 84 

evaporation by, 143 

gages, 89 

mean effective, 32 

of steam, 125 
Production of low temperatures, 237 
Prony brake, 42 
Properties of steam, 121 

of vapors, 130 
Pump, air, 86 

double-acting, 24 

work diagram for, 23 
Pyrometers, 6 

clay cone, 7 

iron tube, 12 

Le Chatelier, 6, 38 

Quality of steam, 146 

Radiant heat, 56 

Radiation, 56 

Radiators, 245 
indirect, 250 

Receiver, 188 

Reduced pressure, evaporation by, 
143 

Re-evaporation in the cylinder, 178 

Refrigerating machines, capacity 
and efficiency of, 239 

Refrigeration, 37, 225 

absorption system of, 230 
by compressed air, 235 
compression system of, 227 
producing, 145 

Rjbsulting temperature of mixtures, 
46 

Reversing valve gear, 164 

Rope briUce^ 43 
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Saturated steam, 125 
Separating calorimeter, 149 
SHde valve, 160 

engine, 160 
Source of heat, 68 
Specific heat, 44 

of gases, 100 
Stage compression, 202 
Steam calorimeter, 149 
density of, 130 
engines, 25, 38, 159 

automatic high-speed, 165 
classification of, 159 
compound, 183 
Corliss, 168 
cross-compound, 185 
efficiencies of, 171 
four-valve, 120 
multiple expansion, 178 
tandem compound, 187 
heating, 247 

heat of the liquid, 122, 127 
latent heat of, 123, 128 
piping, 248 
pressure of, 125 
properties of, 121 
pump, work diagram for, 23 
quality of, 146 
saturated, 125 
superheated, 155 
tables, 124 

total heat of, 124, 129 
turbine, 38 
volume of, 129 
wet, 125, 146 
Stephenson link motion, 164 
Straight-line air compressors, 198, 

199 
Stress due to expansion, 13 
Sulphur dioxide, 131 
Superheated steam, 155 

total heat of, 155 
Systems of heating, 247 



Tandem-compound engines, 187 
Temperature, 1 

absolute, 7 

change of air gases, 112 

of combustion, 72 

of evaporation, 126 

of mixtures, 46 

production of low, 237 
Testing thermometers, 3 
Thermometers, 1 

marking, 3 

mercury, 5 

scales, comparison of, 5 ' 

testing, 3 
Turbine, steam, 38 
Two-cycle gas engine, 218 
Types of air compressors, 198 

Unit of heat, 40 

Vacuum, 85 

pump, 86 
Valves, air compressor, 195 

balanced, 166 

Corliss, 168 

piston, 167 
Vapors, properties of, 130 
Volume of steam, 129 

Warm-air furnace, 253 
Water, dehsity of, 16 

jackets, 118 
Weighing air, 84 
Welding, blow-pipe, 73 

electric, 79 

oxy-acetylene, 74 
-hydrogen, 74 

thermit, 76 
Wet steam, 125, 146 
Work, 20 

diagram, 23 

diagram for steam engine, 28 

performed on gases, 115 






